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Abstract 
Globally, billions of people live in temporary shelters due to poverty, and every year 
millions of refugees and disaster affected individuals are forced to live in temporary 
shelters such as Standardised Emergency Relief Tents (SERTs). The Office of the 
United Nations High Commissioner for Refugees (UNHCR) has spent millions of 
US dollars annually on tents, blankets and mattresses. The tents used are designed as 
temporary accommodation; in reality they sometimes become ‘homes’ for a number 
of years when the return to permanent shelter is slow or unaffordable.   
While the SERT aims to adhere to humanitarian standards for basic shelter provision, 
this type of construction is ultimately designed to be quick to deploy, using 
lightweight and cost effective materials.  Consequently, SERTs have been known to 
provide an extremely thermally uncomfortable place to live in different climates, 
requiring stove heating in cold climates and being impractical to keep cool in hot 
climates. Little research has been done to determine whether this situation could be 
improved.  
The thermal comfort performance of a real SERT in a known UK climate was 
investigated, to explore the science behind the experience of real users. 
Measurements were made in the SERT over a 6 month period and the observations 
quantitatively analysed in order to characterise and explain the tent’s response to a 
range of outdoor conditions. The predicted thermal comfort in the SERT was 
calculated using a variety of suitable metrics.   
The data collected in a UK climate was used to develop and validate computational 
models of the SERT, which have applications in any world climate. Based on 
quantitative analysis of the SERT models’ performances in cold, temperate and hot 
climates, conclusions were drawn regarding the suitability of the SERT for use in 
each climate. 
The computational models of the SERT were modified in geometry and material, 
with the aim of improving the predicted thermal comfort in the SERT in hot and cold 
climates. The effectiveness of these design changes was analysed, and 
recommendations for improvements to the SERT were made. These 
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recommendations could be used by SERT manufacturers and key humanitarian 
organisations in order to facilitate design modifications. 
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Nomenclature	
Aflow open area (m2) 
Aphysical total area (m2) 
C heat loss due to convection (W/m2) 
Cd discharge coefficient (-) 
Cres dry heat loss due to respiration (W/m2) 
Edif heat loss due to evaporation of vapour diffusion (W/m2) 
Eres latent heat loss due to respiration (W/m2) 
Esw heat loss due to evaporation of sweat (W/m2) 
kmesh resistance coefficient of the mesh (-) 
M metabolic energy (W/m2) 
∆p pressure drop (Pa) 
R heat loss due to radiation (W/m2) 
ta,l local air temperature (°C) 
Tu local turbulence intensity (%) 
u mean air velocity (m/s) 
va,l local mean air velocity (m/s) 
W mechanical work (W/m2) 
ρ air density (kg/m3) 
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Chapter	1	
Introduction		
This chapter provides a broad context for the research which follows, through 
highlighting the importance of humanitarian relief shelter and the potential impact of 
research in this field. An overview of humanitarian sheltering and the complex issues 
surrounding its provision is followed by specific examples of users’ experiences of 
the performance of humanitarian shelter. Finally, a brief history of humanitarian 
shelter research strategies leads to the aim and objectives of this thesis, the structure 
of which is summarised in a thesis map. 
1.1 Sheltering	in	Humanitarian	Relief	
The definition of a disaster, according to the UN International Strategy for Disaster 
Reduction (ISDR) is: 
“A serious disruption of the functioning of a community or a society involving 
widespread human, material, economic or environmental losses and impacts, 
which exceeds the ability of the affected community or society to cope using its 
own resources” (UNISDR 2007).  
A quantitative definition by EM-DAT requires one of the following characteristics to 
be fulfilled, for a disaster to be entered onto their International Disaster Database; 
affected people being those “requiring immediate assistance during a period of 
emergency” including “displaced or evacuated people” (CRED 2009): 
• “Ten (10) or more people reported killed. 
• Hundred (100) or more people reported affected. 
• Declaration of a state of emergency. 
• Call for international assistance.”  
2.9 billion people were affected by disasters in the first twelve years of this century 
(Murray 2015), and the number of people displaced due to conflict has remained 
over 42 million for almost a decade (UNHCR 2012). Many of those affected require 
emergency shelter, the need for which is met by relief agencies. The global Shelter 
Cluster, headed up by the International Federation of Red Cross and Red Crescent 
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Societies (IFRC) and UN High Commissioner for Refugees (UNHCR), governs 
shelter provision in emergencies. Sheltering after a catastrophic disaster may require 
over 1.6 million urgent shelters, as in the Haiti earthquake of 2010, and even a 
medium scale disaster will typically require 20,000 to 30,000 shelters (Murray 2015). 
The UNHCR alone spent over $55 million on tents, blankets and mattresses in 2011 
(UNOPS 2012). Recent examples of huge shelter deployments have been 
accommodating millions of displaced Syrians over the past few years (Devi 2012), 
and providing tents and other shelter items for 500,000 households in the post 
typhoon Haiyan disaster response (Shelter Cluster 2014). The tents used in these 
emergencies are designed as immediate, temporary accommodation (MacRae, 
Hodgkin 2011); in reality they sometimes become ‘homes’ for a number of years 
when the return to permanent shelter is slow or unaffordable.  
It is universally acknowledged that shelter after disaster is a human right (Carver 
2011), but what form this shelter should take raises a number of issues. In ‘Shelter 
After Disaster’, Davis highlights the link between poverty and shelter after disaster, 
and the implications on the role of tents in an emergency (Davis 1978). Shelter 
experts have argued for years that shelter is a process, not an object (Davis 1978, 
Sanderson 2011), but thousands of standard tents are deployed as a ‘unit of shelter’ 
each year. Fredriksen considers the effect of providing standardised tents versus 
versatile shelter kits on communities (Fredriksen 2014), while others make the case 
for ‘self-recovery’ after disaster (Parrack, Flinn et al. 2014). Many authors discuss 
the risks to affectees requiring humanitarian shelter, and how these can be minimised 
(Manfield, Ashmore et al. 2004, Becker 2009). 
No two disasters are the same: Cuny notes that there must be a distinction made 
between long-term disasters and emergencies, in terms of how sheltering is 
approached (Davis 1981). This is supported by Kronenburg who alludes to the 
differences caused by sheltering refugees who are far from home, and those who are 
still close by their original place of residence (Kronenburg 1995). Sanderson adds 
that the problem is more complicated than it may first appear, highlighting issues 
such as the prior poverty of disaster affectees, the complex issues of land ownership 
following a disaster, and considering the livelihoods of the population (Sanderson 
2000). Shelter providers should be sensitive to the cultural requirements of shelter 
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such as gender issues (Emmott 1996) and appropriate levels of privacy for the 
occupants (Architecture for Humanity 2008, Wilson 2011).  
It is difficult to predict the locations where humanitarian relief tents will be needed in 
the future, as disasters can happen anywhere. One way to focus on locations that will 
be impacted the most is to consider the longest-term tented populations, the largest 
tented populations, the areas with most frequent disasters and the areas where most 
people are dying or thermally uncomfortable in tents. Unfortunately, when 
considering many of the above, it is very difficult to find consistent data due to the 
lack of dissemination. When combining the areas where most refugees are found, 
with the areas where most disasters happen, the majority are in the Middle East, Asia 
and Africa (Yonetani 2011). This is supported by ShelterBox who have recorded 
some data on their deployment of tents in different areas of the world (ShelterBox 
2013). Knowing the climates of common disaster zones is essential for providing the 
affectees there with the most appropriate sheltering solution (Tafahomi, Egyedi 
2008).  
These are only a few of the factors that affect the provision of shelter after a disaster, 
and actors in the humanitarian relief field must consider all. A useful summary of the 
past forty years of the disaster relief shelter field can be found in Ian Davis’ paper 
(2011). 
1.2 The	Performance	of	Humanitarian	Relief	Shelters	
In 2002, a team from the University of Cambridge studied the quality and standards 
of disaster relief shelter. Through interviews with internally displaced persons (IDPs) 
and local tent manufacturers, they discovered that in Afghanistan a variety of shelters 
had been used, from traditional, more permanent shelters to tents (Ashmore, Babister 
et al. 2003). Many of the more successful shelters were those that had been fashioned 
locally, and the agency-imported tents were adapted by those that used them, some 
adding liners to keep warmer (Ashmore, Babister et al. 2003). Ten years on, the 
situation had not improved for the people of Afghanistan, with vulnerable camp-
dwellers dying in the cold (North 2012).  
When the aid runs out, the media lose interest, or the state of the land is still too poor 
for houses to be built on it, tents become permanent homes. In reports detailing 
emergency shelter provision in 2004 post-tsunami for India, Sri Lanka, and Indonesia 
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(Oxfam 2005), tents receive little praise, with some becoming inadequate dwellings 
after nine months. Their short shelf life is due to UV affected degradation and rot 
(Killing 2010). Oxfam’s report on Pakistan tent winterization after the 2005 
earthquake further highlighted how people are accommodated in tents for too long 
and they do not meet required standards or even keep people alive in harsh 
conditions, their most basic function (Oxfam 2006). Similarly poor shelter quality 
was experienced by survivors of the 2010 Haiti earthquake (Ashmore, Gelb 2010), 
where temperatures in some shipping container shelters reached 42°C (Murray 2015). 
In recent years, Syrian refugees suffering in their freezing tents has been widely 
reported (Devi, Cassel, IFRC, Balbo 2012). In an attempt to improve their situation, 
the Turkish Red Crescent provided felt-lined tents to add an extra layer of insulation 
(Today's Zaman 2012).  
These are only a sample of the reports on humanitarian relief shelter performance. 
The Shelter Projects volumes of detailed case studies, compiled by Joseph Ashmore, 
capture more of the lessons that can be learned from the disaster sheltering sector, an 
area typically fragmented in its reporting (IFRC, UN-HABITAT et al. 2012, IFRC, 
UN-HABITAT 2010, Ashmore, Fowler et al. 2008). Real user experiences suggest 
that humanitarian relief tents may not meet the ‘minimum standards’ for shelter, with 
regard to providing a thermally comfortable standard of living irrespective of the 
climate (The Sphere Project 2011). This raises the questions: “who should decide 
what is the best way to design these tents?” and “is their design based on ‘science’?” 
Through speaking with members of various NGOs at the Anchoring and Fixing 
Conference 2013, Luxembourg, it is clear that there are still many issues with 
thermal comfort in humanitarian tents and there is much to be learned in this area. 
This was confirmed as recently as 2014 in Bashawri’s overview of disaster relief 
shelter designs (Bashawri, Garrity et al. 2014). Despite their problems, tents are 
deployed in their thousands to shelter millions of people in emergencies where there 
is no other option. This could be linked to the availability of only fifty dollars to 
spend on emergency shelter (on average) per household (Murray 2015). 
1.3 Humanitarian	Shelter	Research	
Research in the shelter sector has not progressed as quickly as is appropriate to the 
number of people affected by it (Kronenburg 1995). Shelter Centre is the worldwide 
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hub for shelter provision (Shelter Centre 2010), where practitioners and researchers 
come together and share ideas, seeking to improve the recording and disseminating 
of knowledge from the field. Their knowledge is needed in order to understand the 
affectees’ needs when designing new shelters and research proposals. However, it is 
still challenging to measure progress in emergency shelter provision.  
The level of involvement of industry as opposed to the end-users of humanitarian 
shelters, in fuelling innovation, has been questioned by some (Saunders 2004, de 
Haas, Cox et al. 2013). Some experts have called for greater consultancy with the 
local people before undertaking any form of research (Murray 2015, Kelman, 
Ashmore et al. 2011). Conversations with organisations such as the IFRC revealed 
that consultation already takes place. Collaboration exists between research centres 
and humanitarian actors, for example, with the University of Eindhoven and the 
IFRC (Erkelens 2009), but more academic research into improving humanitarian 
shelters is needed. 
1.4 Research	Aims	and	Objectives	
It is clear that there are many specific research questions that could be answered, 
with the intention of improving the quality of life for those who are affected by 
disasters and accommodated in standardised emergency relief tents (SERTs). There 
are countless ways the tent could be ‘reinvented’ (Giller 2012). For example, Davis 
(1978) suggested that winter conditions and high altitude exposure problems should 
be crucial focusses for shelter research, and others in the field agree with him in this 
regard. The thermal comfort experience of tent users is as relevant today as it was 
then. The issue of public health post-disaster is current and serious (Bayram, Kysia et 
al. 2012), and this is directly affected by the thermal environment of dwellings. 
These ideas will be explored further in Chapter 2, the Literature Review. Aims and 
objectives have been developed to explore some of the problems outlined in the 
introduction. 
1.4.1 Aim	
To measure the thermal comfort performance of SERTs with a view to improving 
their design as appropriate for different climates. 
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1.4.2 Objectives		
Objective 1) Determine the attributes (visual, geometrical, material) and usage of a 
typical SERT. 
Objective 2) Ascertain whether a SERT delivers appropriate thermal comfort 
required by its occupants in a range of different climates. 
Objective 3) Identify how thermal comfort experienced by SERT occupants can be 
improved by redesigning some of the SERT’s parameters. 
Objective 4) Evaluate the revised design or material parameters that have been 
modelled, and make recommendations. 
Table 1.1 shows the relationship between Objectives, Research Questions and 
Methods. 
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Table  1.1: How each objective answered the research questions, through the methods. 
Objective Research 
Questions 
Summary of Methods 
Objective 1) Determine the 
attributes (visual, geometrical, 
material) and usage of a typical 
SERT. 
 
What is a widely agreed 
description of a SERT? 
Literature Review of a wide range of 
documents both published and 
including personal communications 
(emails and telephone 
conversations). 
Where are SERTs used? 
How long are SERTs 
used for? 
Who are SERTs 
distributed and used by? 
Objective 2) Ascertain whether 
a SERT delivers appropriate 
thermal comfort required by its 
occupants in a range of 
different climates. 
How can thermal 
comfort in SERTs be 
quantified? 
a) Review methods of thermal 
comfort quantification and 
determine and appropriate 
strategy for the SERT. 
b) Using a real SERT and 
monitoring equipment, assess its 
overall thermal comfort 
performance over a period of six 
months, across changing 
climatic conditions. 
c) Predict the thermal comfort in 
the SERT in three different 
climates, using dynamic thermal 
modelling with hourly weather 
data, over the period of a year. 
d) Predict the response of the 
human body to a range of local 
environmental conditions 
(airspeed, temperature), 
representative of real case 
studies, using Computational 
Fluid Dynamics (CFD) 
modelling. 
 
 
 
 
 
How does the thermal 
environment of a SERT 
vary with the hours and 
the seasons? 
For a SERT occupant, 
how is thermal comfort 
in a SERT affected by 
cold climate conditions? 
For a SERT occupant, 
how is thermal comfort 
in a SERT affected by 
temperate climate 
conditions? 
For a SERT occupant, 
how is thermal comfort 
in a SERT affected by 
hot climate conditions? 
Which of the SERT’s 
attributes are most 
detrimental to providing 
a thermally comfortable 
environment? 
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Objective Research 
Questions 
Summary of Methods 
Objective 3) Identify how 
thermal comfort experienced by 
SERT occupants can be 
improved by redesigning some 
of the SERT’s parameters. 
How can the SERT’s 
parameters be changed 
to improve thermal 
comfort across the 
seasons and climates? 
a) Make changes in the design 
parameters of the dynamic 
thermal models of the SERT, 
with a view to reconfiguring the 
SERT’s optimum design criteria 
as appropriate for the three 
climates mentioned.  
b) Use dynamic thermal simulation 
to quantify the effect of design 
changes on thermal comfort. 
Objective 4) Evaluate the 
revised design or material 
parameters that have been 
modelled, and make 
recommendations. 
Which of the 
modifications, for 
thermal comfort, gives 
the greatest 
improvement? 
Which of the 
modifications, for 
thermal comfort, are 
most useful and practical 
for SERT designers and 
users? 
a) Analyse dynamic thermal 
simulation results, to 
numerically compare the 
effectiveness of each SERT 
design change.  
b) Report revised design/material 
parameters to SERT 
manufacturers and key 
humanitarian organisations to 
facilitate design modifications, 
through recording design 
changes in the final thesis. 
1.5 Epistemological	Perspective	
This research was undertaken from a positivist/critical realist perspective in that the 
research was concerned with the ‘real’ and observable, while taking into account that 
the way the world is seen, is affected by the mind’s perception. In addition, there was 
an element of the interpretivist as the research is underpinned by a consideration of 
the point of view of the subjects who may benefit from it. 
1.6 Thesis	Structure	
The first section of the thesis comprises two chapters. Chapter 2 critically reviews 
and summarises the relevant literature regarding humanitarian relief tents, methods 
of thermal comfort quantification, and that which has been reported by others within 
the research landscape surrounding the thermal comfort of humanitarian tents. 
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Chapter 3 outlines the research methods used to meet the Aim and Objectives of the 
research, to contribute towards closing some of the knowledge gaps.  
The three chapters which follow discuss the characterisation of the SERT and the 
development of dynamic thermal and CFD models of it, and the results demonstrated 
in simulating these models. Chapter 4 concerns the analysis of the thermal 
environment inside a SERT in known climatic conditions, by comparing results of 
monitoring a real SERT in Loughborough, UK against appropriate thermal comfort 
metrics. Chapter 5 discusses the predicted thermal performance of a SERT in 
temperate, hot, and cold climatic conditions, by comparing results of dynamic 
thermal simulations against thermal comfort and safety metrics. Chapter 6 
demonstrates the application of the SERT CFD model developed, by analysing the 
predicted impact that local environmental conditions could have on a SERT user in 
the worst case conditions of a hot climate case study, and in mid-range conditions of 
a temperate climate case study. The validation of the dynamic thermal and CFD 
models can be found in the Appendices.  
Chapter 7 assesses the design and material improvements made to the SERT for 
thermal comfort, in dynamic thermal modelling, by comparing simulation results 
with the base case of the SERT. Practical implications of implementing these design 
changes are critically examined. Chapter 8 provides a summary of the research, its 
contributions to knowledge, conclusions, limitations and suggested future work.  
The thesis structure, showing how each chapter feeds into the other(s), is summarised 
in the following thesis map.
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1) Introduction 
3) Research 
Methods 
5) Results for SERT 
Thermal modelling 
7) Results for 
improved tent  
6) Application of 
CFD model 
2) Literature 
Review 
4) Results for SERT 
Physical Tests 
8) Conclusions 
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Chapter	2		
Literature	Review	
2.1 Introduction	
As discussed in Chapter 1, humanitarian relief tents accommodate millions of people 
across the globe, displaced as a result of an emergency or natural disaster, and these 
tents can be thermally uncomfortable. In this chapter, literature regarding 
humanitarian relief tents was considered, to define the attributes of a typical SERT. 
Methods of thermal comfort quantification were reviewed in order to determine an 
appropriate strategy for assessing the SERT’s thermal environment. Finally, that 
which has been reported by others within the research landscape surrounding the 
thermal comfort of SERTs was critically examined, in order to define research gaps, 
justifying the need for the research reported in the subsequent chapters. This included 
methods that have been used in order to further understanding of thermal comfort in 
emergency shelters to date. The review addressed Objective 1 “Determine the 
attributes (visual, geometrical, material) and usage of a typical SERT” and Objective 
2 “Ascertain whether a SERT delivers appropriate thermal comfort required by its 
occupants in a range of different climates”, given in Chapter 1. Additionally, it 
helped to define boundary conditions for the SERT modelling. 
While peer-reviewed academic literature was given the highest esteem, since there is 
little on thermal comfort of humanitarian tents, relevant peer-reviewed documents 
from NGOs and similar, as well as less formal reports, have also been included. 
2.2 The	Standardised	Emergency	Relief	Tent	(SERT)	
People have created and used tents of natural materials since the dawn of time 
(Faegre 1979), often as a necessary form of emergency shelter (Davis 1978).  Their 
modern, mass-produced counterparts used as disaster relief shelter have both 
strengths and weaknesses.  Nevertheless, today and for the foreseeable future tents 
are an essential tool in the emergency stages of humanitarian relief, confirmed by the 
International Federation of Red Cross and Red Crescent Societies’ (IFRC)’s 
continued investment in their improvement (ICRC/IFRC 2012b, ICRC/IFRC 2012c). 
Providing a “one or two size fits all” approach to emergency sheltering is important 
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when speed and cost are at a high premium, but the trade-off between these factors 
and the tent occupants’ experience of living in a tent should also be considered. Tents’ 
presence can prolong the situation that disaster affectees find themselves in, and they 
are not to be viewed as a permanent solution to accommodating disaster affectees 
(Ashmore 2004). However, as documented in the Shelter Projects publications 
(Ashmore, Fowler et al. 2008, IFRC, UN-HABITAT 2010, 2012, 2013, 2014), for 
some displaced persons, tents become permanent homes for a number of years, 
making them a significant form of shelter for millions of people. 
Shelter must surely provide: 
“protection from harsh weather conditions, cold, heat, wind, rain, snow; establish an 
area of territory…support the activities of social and physical construction; 
provide…identity, privacy and security…an address...and support the continuation 
or establishment of a form of income” (Kronenburg 1995).   
One might wonder how a tent can provide all these functions.  There are a range of 
performance standards and reference frameworks taken into consideration by 
humanitarian actors and tent manufacturers, ranging from formal rules to informal 
guidelines.  These are made available in order to ensure that a tent provides what its 
occupants need: 
A commonly consulted document published by the UN suggests many helpful 
guidelines for family-sized tents including basic definitions of shelter and tents, 
climate considerations, user adaptations and design features (Ashmore 2004).  
Although the guide is over ten years old, it is still the most well-known and used of 
its kind.  The field would benefit from a similarly well-written, more up to date 
version of such a guide for use today. 
The International Development Law Organisation (IDLO) publish International Law 
and Standards Applicable in Natural Disaster Situations.  These provide rights to 
adequate living standards, humanitarian assistance and adequate housing (Harper 
2009).  Their key message is that tented camps should only be used as a last resort, 
and that displaced persons should not be housed for more than three weeks in 
emergency shelter. Beyond that, the standards are too generalised to be of use in 
designing emergency tents. The SPHERE guidelines for humanitarian work augment 
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these standards (The Sphere Project 2011).  Agreed upon by practitioners from major 
NGOs and the UN, this document has become a leading text, referred to by all in the 
sector, which carries weight when decisions about shelter are made. The Inter-
Agency Standing Committee (IASC), comprised of the Office of the United Nations 
High Commissioner for Refugees (UNHCR) and the IFRC (IASC 2010) produce 
thermal comfort standards supporting SPHERE (ICRC/IFRC 2008, Sheltercluster, 
Saunders 2009). 
SPHERE standards acknowledge that thermal comfort needs are met on an individual 
basis, and are affected by the size of the occupants’ dwelling place and its location, 
as well as appropriate heating and ventilation, clothing, bedding, and a means to 
prepare food.  The main SPHERE standards directly relating to thermal comfort of 
shelter are found in the Minimum Standards in Shelter, Settlement and Non-Food 
Items.  They are only applicable to the very first stages of an emergency and do not 
account for long-term occupancy (The Sphere Project 2011).  They include “Shelter 
and settlement standard 3: Covered living space” and “Non-food items standard 2: 
Clothing and bedding”.  While the latter is not a shelter standard, it has an impact on 
the thermal comfort of those in humanitarian tents.   
“Shelter and settlement standard 3: covered living space”, suggests to “Assess the 
specific climatic conditions for all seasons to provide optimal thermal comfort, 
ventilation and protection”. The guidance notes explain that, since in cold climates or 
urban areas most time will be spent indoors, the shelter should provide at least 3.5m2 
floor space per person. The floor to ceiling height should be larger for hot climate 
use than for cold, with a minimum peak-height of two metres. If a complete shelter is 
not possible, a roof alone is the priority. Three separate shelter design notes are given 
for warm humid, hot dry and cold climates respectively; for all climates, adequate 
ventilation is required. It is interesting to see that for cold climates some kind of 
space heating is deemed essential, implying the shelter alone will not be able to 
provide adequate thermal comfort for its occupants (The Sphere Project 2011). It is 
not clear what the tent’s dimensional requirements given are based on, as there is no 
scientific or anecdotal supporting evidence given. Additionally, it is not very clear 
how humanitarian agencies can provide ‘optimal thermal comfort’ to occupants, 
having only conducted a visual assessment of the area. The recognition of different 
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needs for different climates is important, though, and could be developed in more 
detail. 
The IFRC publish a document that specifies emergency items they recommend for 
use in the initial stages of disaster relief; tents and other non-food items (NFIs) 
(IFRC 2012a). As co-leaders of the aforementioned Shelter Cluster, they hold 
authority in the area and this document is a detailed and practical over-arching guide 
to shelter implementation in emergencies. Their Emergency Items Catalogue (IFRC 
2012a) describes the Family Tent (16m2)1 and the Frame Tent (19m2), the former 
shown in Figure 2.1. The only difference from the Family Tent is that it has a rigid 
frame so that it becomes freestanding, and expandable, as the frames of two tents can 
be attached together (IFRC 2012b). A liner for each tent is separately available, as 
are winterisation kits for each. The latest addition to the emergency items catalogue 
is a shade net for shielding tents from the sun in hot climates (IFRC., ICRC. 2015). 
 
Figure  2.1: The Family Tent 
Specifications for the fabric material, weight, water vapour permeability and water 
penetration resistance, which are included in (IFRC 2012a), have implications for the 
thermal comfort of the tent. However, it is unclear whether thermal comfort was 
taken into account when they were specified, thus it cannot be assumed that they 
have a particularly negative or positive impact on the thermal comfort of a 
                                                 
1 Specifications for the family tent are periodically updated to reflect decisions of the Shelter Cluster 
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standardised emergency relief tent. More detail of the factors affecting thermal 
comfort can be found in Section 2.3. 
In addition, the IFRC Family Tent specifications refer to ISO standards for each 
section of the tent, found in (IFRC 2012a), including the ISO standard 10966. ISO 
10966:2011 and ISO 5912:2011. The ISO standards relevant to tent construction, 
give guidance relating to breaking strength, tear resistance and water resistance 
(British Standards Institute 2011). There are some further ‘weatherability’ 
characteristics given but none of them relate particularly to thermal comfort. 
In summary, there are standards which suggest what a humanitarian shelter should 
comprise. However, they may benefit from further detail regarding suitable thermal 
comfort design parameters. 
There are a wide variety of emergency tents that have been used over the last fifteen 
years, many of which are usefully illustrated in (Ashmore 2004). Some may be based 
on the hot climate shelter system by Oxfam and Cambridge University, which 
became the standard disaster relief shelter for Oxfam (Manfield, Corsellis 1999). Its 
main purpose was to improve upon the previous shelters, being easily assembled 
from material used in construction thereby reducing the lead-time, and made of 
reusable materials. It is not clear how much ‘science’ went into their design or if they 
were optimised for hot conditions. Manfield and Corsellis continued the philosophy 
behind the design of these shelters into further work, designing cold climate shelter. 
The focus was on minimising cost, volume, weight and lead-time. Again, it is not 
certain how much these factors were prioritised over quality of shelter, including 
attention to the predicted thermal comfort performance of each shelter. Other tents 
may come from charities such as ShelterBox who are able to deploy tents more 
quickly than others, due to their large stockpiles of standardised aid boxes, though 
their tents do not meet IFRC specifications. Tents endorsed by the IASC are ones 
which adhere to the IFRC Standards as published in their Emergency Items 
Catalogue (IFRC 2012a). The three most widely used emergency tent providers in 
2011 by the UNHCR were NRS International, Alpinter and National Tenthouse 
(UNOPS 2012). These companies all manufacture tents that meet the IFRC 
specifications. This indicates that the manufacturers are listening to the requirements 
of key organisations that set the standards, so if any changes need to be made to tent 
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designs they need to be taken up with the organisations that set the standards, so that 
they will then filter down to tent manufacturers. 
Little academic literature has been published on the subject of disaster relief tents. 
Due to the nature humanitarian relief work, recording and dissemination of work by 
practitioners in the field is not always prioritised, causing difficulty in basing a 
scientific study on their findings. Transitional shelter, an intentionally semi-
permanent dwelling (IFRC 2011, Shelter Centre 2011), has received more attention 
than emergency shelter. Shelter as a wider topic has been discussed at length, but as 
this is not with regard to emergencies, it is too wide-ranging to be considered in this 
review. 
As discussed in Chapter 1, there are known issues with the use of humanitarian relief 
tents, particularly with regard to thermal comfort. To minimise the impact of these 
issues on tent occupants, shelter standards covering a broad range of shelter issues 
have been developed and implemented, and include some general guidance on 
thermal comfort in humanitarian shelter. The thermal comfort guidance would 
benefit from increased specificity and tighter enforcement. Both of these factors can 
be influenced by adding to the quantitative knowledge of how humanitarian tents 
perform in a range of climates, and by providing clear scientific methods by which 
tents can be assessed for thermal comfort. The tents meeting IFRC specifications are 
the most commonly used and will therefore impact the largest number of people. 
However, it is not clear whether there is a scientific basis to their specifications. 
Therefore, for the research which follows, a SERT which meets the IFRC 
specifications was used to conduct thermal comfort tests within a clear and focussed 
scientific methodology. 
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2.3 Quantifying	Thermal	Comfort	in	a	SERT	
Thermal comfort has been described as the “condition of mind which expresses 
satisfaction with the thermal environment” (British Standards Institute 2005). This is 
usually applied to a person or persons within an envelope of some kind, such as a 
building or vehicle. While an emergency tent has a roof and walls, it does not 
necessarily stand permanently in one place like a building (Gorse, Johnston et al. 
2012), but is intended to provide protection from the external environment. Since 
SERTs are used over extended periods of time, they should provide a thermally 
comfortable environment for their occupants. 
The methods described in Chapter 3, Sections 3.3 to 3.5 involve either measuring 
factors affecting thermal comfort in a SERT or predicting the thermal comfort in a 
SERT. Deciding how to quantify thermal comfort in SERTs first requires: 
1. Knowledge of the factors affecting thermal comfort. 
2. Knowledge of appropriate standards of acceptable thermal comfort. 
3. Analysis of thermal comfort measurement and prediction methods.  
This section describes these three points to inform the choice of methodology. 
2.3.1 	Processes	affecting	Thermal	Comfort	
The human body’s thermoregulation: the human body controls its temperature to a 
certain extent by measuring the temperature in the brain, at the hypothalamus.  This 
acts as a thermostat for the body and induces certain effects when too cold or too hot.  
These effects tell a person that they are experiencing thermal discomfort. When the 
hypothalamus detects cold, vasoconstriction occurs, taking less blood up to the 
surface of the skin. The hairs on the body stand up and also the person begins to 
shiver. Finally, this will lead to hypothermia if the person does not receive the 
warmth they need (Loveday 2013). When hot, vasodilation occurs so that more blood 
is taken to the surface of the skin for cooling. The person will begin to sweat if they 
are still hot when this has happened.  Eventually if they remain too hot they will 
suffer heat stroke. 
The physics of heat loss mechanisms: convection ( C ) and radiation ( R ) from the 
surface of a person’s clothing and skin transfers heat energy to the surrounding 
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environment. Additionally, evaporation of vapour diffusion (Edif) or sweat (Esw) 
allows heat to leave the body via the skin’s surface. 
These processes occur to balance the Heat Balance Equation, below: 
ሺܯ െܹሻ െ ൫ܧௗ௜௙ ൅	ܧ௦௪	൯– ሺܥ௥௘௦ ൅ ܧ௥௘௦ሻ െ ሺܴ ൅ ܥሻ ൌ 0 
Where M = metabolic energy produced by the body (W/m2), W = mechanical work 
done by the body (W/m2), Cres and Eres are the dry and latent heat loss due to 
respiration (W/m2), respectively. If the equation does not balance, then the body is 
not in thermal equilibrium and as a result, its core temperature will increase or 
decrease (Loveday 2013). 
Psychophysics: thermal sensation is a psychological response, influenced by the 
thermal environment (Parsons 2003). Its psychological nature causes difficulty in 
understanding it fully or being able to predict it accurately for an individual, in a 
given situation. It is important to be aware of a person’s recent ‘thermal history’ 
(Nicol, Humphreys et al. 2012). Psychophysics is the term used to describe the area 
of study where physical factors and sensory phenomena are linked, for example, the 
relationship between temperature and the idea of warmth (Parsons 2003). There are a 
number of psychological models that can be used to get a clearer picture of how the 
two relate, which are covered in detail in (Parsons 2003). Since there were no human 
test subjects used in this research, as outlined in Section 3.2.1 ‘Research Boundaries’, 
psychophysics was not the main focus of the research methods. 
There are other factors influencing thermal comfort; personal factors (clothing level, 
age, sex, activity level) and environmental factors (relative air humidity, air 
temperature, mean radiant temperature, air velocity) (Fanger 1970). Weather, climate, 
material properties of the building envelope and ventilation method (natural or 
otherwise), affect the environmental factors. Some of the personal factors are 
adaptable by the tent occupant, while others are not. Humphreys and Nicol added 
adaptation as a factor (Nicol, Humphreys et al. 2012). 
In summary, biological, physical, psychological, personal and environmental factors 
influence thermal comfort. Some factors are unavoidable from the perspective of the 
person subjected to them, while others can be adapted. Biological, physical, and 
psychological factors vary between people, and cannot be altered as part of this 
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research. SERT users’ personal factors of clothing level and activity level were 
estimated for the purpose of this research, and material properties of the SERT and 
its ventilation method were optimised to provide an improved environment. A SERT 
user living in a tent with an improved environment may still be impacted by other 
factors mentioned above as they are all interlinked; this research pursues one 
practical avenue in improving thermal comfort. 
2.3.2 Thermal	Comfort	Standards	
Established research into thermal comfort in buildings has led to the implementation 
of thermal comfort standards, which influenced the research methods in this thesis, 
and are summarised as follows: 
The ANSI/ASHRAE Standard 55-2010: Thermal Environmental Conditions for 
Human Occupancy (ASHRAE 2010), outlines the personal and indoor thermal 
environmental factors that will lead to thermal comfort for the majority of building 
occupants. Personal factors are considered to be activity level and clothing, whereas 
environmental factors are temperature, thermal radiation, humidity and air speed. 
This standard recognises the outdoor climate and temperature’s effects on the indoor 
thermal comfort (Nicol, Humphreys et al. 2012). This makes it particularly relevant 
when quantifying thermal comfort in SERTs, as SERTs are made of low thermal 
mass materials, so the outside temperature affects indoor temperature significantly. 
The European Standard EN15251 (2007) (British Standards Institute 2007) also takes 
this view on outdoor temperature affecting indoor temperature. This viewpoint 
shaped the research methods answering Objective 2; the outside temperature was 
recorded alongside the inside temperature, during the physical testing. 
CIBSE Guide A (CIBSE 2006) details the impact of humidity, clothing, activity, 
temperature changes, adaptation and climate, age, gender, colour of surfaces and 
lighting, health, draughts, vertical and horizontal air temperature differences, floor 
temperature, and asymmetrical thermal radiation, on the thermal comfort of building 
occupants. It also defines acceptable indoor air temperature as between 18 and 24°C, 
used as one of the thermal comfort metrics in this thesis. CIBSE Guide B (The 
Chartered Institution of Building Services Engineers 2005) adds to this the role of 
natural ventilation in providing a thermally comfortable environment. These 
guidelines gave explanation to the thermal discomforts found in SERT testing while 
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answering Objective 2, and formed the range of possible SERT design factors to 
modify for improved thermal comfort to answer Objective 3.  
ISO 7730:2005 – Ergonomics of the thermal environment (British Standards Institute 
2005) describes Predicted Percentage Dissatisfied (PPD) and Predicted Mean Vote 
(PMV) calculation as well as conditions that can cause thermal discomforts, for 
example, draughts and air stratification2. PMV and PPD are described in more detail 
in Section 2.3.3. 
Since the humanitarian tent is known to be affected by external conditions, standards 
concerning the impact of internal-external air temperature difference on thermal 
comfort are important. To the author’s knowledge, there is only one standard which 
recommends temperatures in schools are no more than 5K above ambient (Education 
Funding Agency 2006). 
In the absence of specific thermal comfort standards for SERTs, the current thermal 
comfort standards for buildings are relevant for quantifying thermal comfort in 
SERTs, particularly those applicable to naturally ventilated buildings rather than air-
conditioned ones, and those that recognise the effect of outdoor climate and 
temperature on the indoor thermal comfort. These standards have shaped the research 
methods used in this thesis, and the following section describes the metrics from 
these standards that were used in this thesis. 
2.3.3 Thermal	Comfort	Metrics	
While there are a variety of methods that have been used to predict thermal comfort 
(Auliciems, Szokolay 1997), for this research, only those outlined in the 
aforementioned standards have been considered suitable. 
Predicted Mean Vote (PMV) describes the thermal sensation ‘rating’ given under 
certain conditions, by calculating the mean value voted by a large group of people. 
PMV is calculated using the air temperature, air velocity, mean radiant temperature, 
relative humidity, the metabolic rate of the person, and their clothing insulation level. 
PMV was first discussed by Fanger (Fanger 1970), but has since been documented in 
                                                 
2 The “categories” referred to in these standards categorise the quality of the thermal environment 
between A and C, where A is preferable to C (British Standards Institute 2005) 
21 
 
the ISO 7730 standard (British Standards Institute 2005) and is commonly used 
today.  
Table  2.1: Different commonly used seven-point scales. Adapted from (British Standards Institute 2005); 
(Parsons 2003) 
ASHRAE Scale Bedford Comfort Scale
Hot +3 Much too warm 7 
Warm +2 Too warm 6 
Slightly warm +1 Comfortably warm 5 
Neutral 0 Comfortable 4 
Slightly cool -1 Comfortably cool 3 
Cool -2 Too cool 2 
Cold -3 Much too cool 1 
 
The actual mean vote (AMV) that people might give can be anywhere on the 
ASHRAE scale in Table 2.1. The Bedford scale (Nicol, Humphreys et al. 2012) is 
also used in thermal comfort studies, shown in Table 2.1. The ASHRAE and Bedford 
scales give different options for the person to choose, just using different wording. In 
both cases, the wording is open to interpretation; if asking real test subjects for their 
AMV the results may be skewed and unreliable, without a large sample. Instead, the 
robust and widely tested PMV calculation method was employed in answering 
Objective 2, to predict how people would react to the SERT’s thermal environment.  
The research informing the PMV was undertaken using North American and 
Northern European subjects in air conditioned environments (Loveday 2013, Nicol, 
Humphreys et al. 2012), whereas SERTs are used worldwide, and they are naturally 
ventilated rather than air-conditioned. Research suggested that in naturally ventilated 
buildings, PMV overestimated the discomfort level caused by warmth (Humphreys, 
Nicol 2002, Attia, Hensen 2014). This led to the development of augmented versions 
of the PMV model, which are said to predict thermal comfort more accurately in 
naturally ventilated spaces. Extended PMV (PMVe) (Fanger, Toftum 2002) takes 
into account an ‘expectancy factor’, which is a multiplier for use in adjusting PMV to 
account for whether subjects are accustomed to living with air conditioning or not. 
Adaptive PMV models (aPMV) (Nicol, Humphreys et al. 2012, de Dear, Brager 
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2002), suggest that the occupants of a space can adapt to the thermal environment 
and thus alter their thermal comfort level. An operative temperature acceptability 
limit based on outdoor air temperature, has developed from the adaptive research and 
is described in (ASHRAE 2010). The main points of the adaptive argument are: 
1. Psychological Adaptation: one expects a certain level of thermal comfort 
depending on the weather and other factors, and this affects thermal comfort, 
as it is a state of mind. 
2. Physiological Adaptation: acclimatisation to living in certain climates so 
expectations change. 
3. Behavioural Adaptation: People adapt, for example, by drinking a cold or hot 
drink when too warm or too cold, changing their posture, and so on. These 
are not included in the calculation for PMV but they do affect thermal 
comfort (Loveday 2013, Nicol, Humphreys et al. 2012). 
Since the research methods used in this thesis do not involve interaction with real test 
subjects, many assumptions would have to be made in order to use models which 
require knowledge of psychology, physiology and behaviour of SERT occupants. 
These assumptions could adversely affect the results, to a level unacceptable for a 
rigorous piece of research. SERT occupants may or may not have access to an extra 
layer of clothing or a blanket, for example, if they have only the clothes they were 
wearing when they fled the disaster situation. The psychological trauma of being 
displaced could affect their expectations of their thermal environment, and entire 
lives. Therefore, the standard PMV model was used alongside additional metrics 
given in Table 2.2, in order to limit the number of assumptions made.  
Predicted Percentage Dissatisfied (PPD) is used to predict the percentage of people 
who are likely to be dissatisfied with the thermal environment. It is calculated using: 
ܲܲܦ ൌ 100 െ 95exp	ሺെ0.03353ܲܯܸସ െ 0.2179ܲܯܸଶሻ 
(British Standards Institute 2005). It is based on the PMV, but also takes into account 
the scattering of votes around the PMV, for a particular set of thermal conditions. For 
this reason, PPD was one of the methods used to quantify thermal comfort in a SERT 
in answering Objective 2. 
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All available methods used for predicting thermal comfort in a dwelling have 
strengths and weaknesses. PMV and PPD were used in this research for their robust 
nature based on years of usage by others. Additional methods were used alongside 
these to build a more complete picture of thermal comfort in the SERT environment, 
which is an atypical dwelling to study in the field of thermal comfort research. For 
example, fluctuations in operative temperature that are not directly controlled by the 
occupant may affect their thermal comfort (ASHRAE 2010). Operative temperature 
drift is applicable in a SERT, where there is no active temperature control such as air 
conditioning or heating. The limits of operative temperature drift are set out by 
ASHRAE, and are given in Table 2.2. The draught rating (DR) is “the percentage of 
people predicted to be bothered by draught” (British Standards Institute 2005) and is 
calculated using the formula 
ܦܴ ൌ ൫34 െ ݐ௔,௟൯൫ݒ௔,௟ െ 0.05൯଴.଺ଶሺ0.37 ∙ ݒ௔,௟ ∙ ܶݑ ൅ 3.14ሻ 
where ta,l is the local air temperature (°C), va,l is the local mean air velocity (m/s), and 
Tu is the local turbulence intensity3 (%). Vertical air temperature difference between 
head height and ankle height can cause local thermal discomfort (British Standards 
Institute 2005).  
Table 2.2 summarises all the metrics used to assess the thermal environment inside 
the SERT and which standards were used to develop them. These metrics were used 
in answering Objective 2, when choosing what to measure in the physical testing and 
choosing the outputs to monitor in the dynamic thermal modelling and computational 
fluid dynamics (CFD) modelling. 
  
                                                 
3 A turbulence intensity of 40% is used where this is unknown, as in the case of this research. 
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Table  2.2: Summary of metrics used to characterise the SERT 
Metric Source 
PMV between ±0.7 for a clothing level between 0.7 and 
1.5 clo and a met rate of 1.1 met 
(British Standards 
Institute 2005) 
PPD below 15% for a clothing level between 0.7 and 1.5 
clo and a met rate of 1.1 met 
(British Standards 
Institute 2005) 
Indoor air temperature between 18 and 24°C (CIBSE 2006) 
Indoor air temperature no more than 5K above ambient (Education Funding 
Agency 2006) 
Operative temperature within acceptability limit for 
outdoor air temperatures between 10 and 20°C 
(ASHRAE 2010) 
Mean operative temperature drift less than 1K per day (ASHRAE 2010) 
Maximum operative temperature drift in 15 minutes is 
1.1K 
(ASHRAE 2010) 
Maximum operative temperature drift in 30 minutes is 
1.7K 
(ASHRAE 2010) 
Maximum operative temperature drift in 1 hour is 2.2K (ASHRAE 2010) 
Maximum operative temperature drift in 2 hours is 2.8K (ASHRAE 2010) 
Maximum operative temperature drift in 4 hours is 3.3K (ASHRAE 2010) 
Draught Rating less than 15% (British Standards 
Institute 2005) 
Vertical air temperature  difference no more than 2-4K4 (British Standards 
Institute 2005) 
 
There is no formal consensus on an appropriate methodology for determining SERT 
thermal comfort; however, thermal comfort work in other dwelling types can be used 
to derive a suitable one. There are different ways in which the thermal comfort 
metrics given above could be used to predict the thermal comfort inside a SERT. 
Measurements of factors affecting the metrics could be made inside the SERT. These 
factors could equally be predicted using modelling software, with known outdoor 
conditions, and material properties of the SERT. The thermal comfort conditions can 
                                                 
4 A 4K difference is the standard for a Category C building; 2K is the standard for a Category A 
building. 
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be dynamically simulated to predict the SERT’s behaviour over hours, weeks or 
months (Zhai, Chen et al. 2002, Crawley, Hand et al. 2008). Computational Fluid 
Dynamics (CFD) techniques are commonly used for predicting local thermal comfort 
conditions and can give a steady-state, detailed analysis of the SERT at a ‘snapshot’ 
in time. The way in which these techniques have been used for shelter research is 
described in Section 2.4. Since there is little prior research into the thermal comfort 
of SERTs, dynamic thermal modelling, CFD modelling, and physical testing of the 
SERT were used together in this thesis, to get a full picture and maximise the 
collection of new quantitative knowledge regarding the SERT’s thermal environment. 
The reasons for each choice are given in the Research Methods in Chapter 3. 
2.3.4 Extreme	climates	
Considering the range of climates that the SERT could be used in, it is important to 
know a human’s limits and when they might be in danger. Figure 2.2, based on data 
from (NASA 2015), is a useful guideline for human survival in extremes of hot or 
cold temperature. The red and blue areas represent conditions where the effects of 
ambient temperature on the human body vary from person to person (Tate 2012). 
Ten minutes at 60°C will cause hyperthermia in most people, whereas death by 
hypothermia would occur at body temperatures below 21°C (Tate 2012).  
The Universal Thermal Climate Index temperature ranges (Błażejczyk, Jendritzky et 
al. 2013) indicate the levels of heat and cold stress which could occur between 
+46°C and -40°C. Several studies have been done into the risk to human health and 
life in extremes of cold (Mercer 2003) and hot (Lomas, Kane 2012, Beizaee, Lomas 
et al. 2013, Papanastasiou, Melas et al. 2015) climate or weather conditions. Mercer 
suggests that increased deaths due to cardiovascular diseases occur during cold 
weather conditions. In Papanastasiou and Melas’ study they discovered that 13% of 
the heat wave days they measured in Athens, Greece were hot enough to constitute a 
state of medical emergency. Clearly extremes of temperature pose a real threat to 
human life. 
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Figure  2.2: Human survival in extreme temperature, taken from (Tate 2012) 
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2.4 The	research	landscape	surrounding	the	thermal	comfort	of	
SERTs	
The literature search was broad for this part of the literature review, covering tent 
and lightweight shelter research, as there is little research available regarding tents 
alone. This section aims to summarise and evaluate previous thermal comfort 
research in tents and shelters, useful in formulating the methodology for this thesis.  
With the exception of the advice of (Potangaroa 2008) to practitioners on how to 
achieve thermal comfort in emergency shelters, thermal comfort tents research 
broadly falls into warm climate and cold climate research. 
2.4.1 Assessing	thermal	comfort	of	tents	and	lightweight	shelters	in	hot	
climates	
Studying the pilgrimage tents in Makkah, Saudi Arabia, Al-Aysan Al-Ghamdi (1993) 
discovered that the cause of most thermal discomforts was poor ventilation and high 
relative humidity, which reduced occupants’ ability to cool down.  The author 
suggests changes in shading, tent orientation, insulation, ventilation, evaporative 
cooling, and tent fabric material, in order to relieve these discomforts.  While these 
tents are not SERTs but a different type of tent, these general points are important for 
SERTs too. 
A thermal comfort evaluation of single- and double-layer tunnel shaped emergency 
tents was carried out by (Susanti 2015) in the Indonesian climate. The outer layer of 
the double-layered tent was of a reflective material. It was found that the PMV and 
PPD overestimated the discomfort level in both tents, and that the reflective outer 
layer of one tent gave rise to a comfortable environment, according to the surveyed 
occupants, up to an ambient temperature of 34°C. This reflective layer could be 
added to the SERT, as a possible design improvement. 
(Al-Hemiddi, Al-Saud 2001) measured temperatures up to 55°C on the surface of a 
white cotton tent, which covered an interior courtyard in Saudi Arabia. At night, the 
tent temperature was lower than that outdoors and vice-versa during the day. The 
study also showed that continuous day and night ventilation was worse than keeping 
the building unventilated. All these points are useful in the study of emergency tents. 
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Bushfire reflective tent shelters were predicted to be capable of maintaining an 
internal temperature 40°C lower than outdoor, for several minutes, which is a 
significant temperature difference (Knight 1988). Despite this, they are only 
survivable in for around 60 minutes at extremely high external temperatures (Taylor, 
Haberley 2014, 2015), but the reflective quality could be useful in producing safe 
refugee shelters in hot climates. 
Attia assessed the thermal comfort in 90m2 Bedouin tents, suitable for eight 
occupants, through field testing and modelling in ambient conditions reaching 49°C 
(Attia 2014). It was found that despite the black goat hair tent roofs, which promote 
natural ventilation, diffuse sunlight and provide shade, thermal comfort is rarely 
achieved within the Bedouin tent. The indoor temperature, air speed and relative 
humidity (RH) followed external conditions closely, with the average internal tent 
temperature staying only slightly below ambient; thus the tent experienced a 20°C 
internal temperature drop from day to night. Other notable issues were the tent’s 
stratification of internal air temperature and the large thermal load imposed by the 
sun, causing the operative temperature to follow the radiant temperature. The author 
cites the tent’s thin walls with low thermal mass and inadequate natural ventilation, 
as reasons for the tent’s poor thermal comfort. Despite this, the Bedouin have 
adapted to cope with this temperature, though SERT users may not be able to quickly 
adapt to such harsh conditions. 
A study of Palestinian refugee shelters showed the significant thermal discomforts 
experienced by occupants in summer and winter were mirrored in the PMV 
calculations (Saleh 2011). However, it was found that PMV overestimates in warm 
conditions and underestimates in cool conditions. The discomfort in summer was 
caused by large heat gain via roof and walls, small shelter area and poor ventilation, 
whereas in winter it was a case of large heat loss via walls and roof, plus significant 
infiltration (Saleh 2011).  This is interesting to consider as similar problems could 
arise in tented camps, although the majority of these refugee shelters were in fact 
basic apartments, with only a small minority being tents or huts. 
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2.4.2 Assessing	thermal	comfort	of	tents	and	lightweight	shelters	in	cold	
climates	
In an ordinarily temperate climate, Youlton found that the ground level temperature 
affects heat loss to ground, and was surprised to discover that in cold conditions the 
tent can be heated by the ground at night (Youlton 2003)  
One study focussed on the thermal performance of two prototype family-sized 
emergency tents with artificial simulation of human occupancy of six people, 
including condensation, and stove heating (Crawford, Manfield et al. 2005). One tent 
was insulated using glass fibre insulation, and the other using composite wadding. 
The experimental procedure saw the tents’ internal humidity and temperature 
monitored while pitched inside a warehouse, with ambient temperature set at -20°C. 
The metrics used for determination of comfort were 40-70% RH and an internal air 
temperature of 15-19°C. A temperature stratification of 17°C was measured between 
lower and mid-height-zones of both tents, which would cause problems during the 
night. While the temperature was greater than 15°C above the middle height of both 
tents, only the tent with higher U-value roof insulation could retain heat above 1.2m, 
the other tent retaining heat up to 1m. Twenty minutes after removing the stove 
simulator, the internal tent temperature dropped below freezing and ice was found in 
the tents, indicating that the tents are poor at storing heat. 
(Crawford, Manfield et al. 2005) developed tent computer models, calibrated using 
average air temperatures measured in their physical tests. The simulation results for 
three climates showed that a stove should be able to keep the tent at a comfortable 
temperature for one climate (Islamabad) but additional sleeping bags would be 
needed in the UK and Pristina. When unheated, both tents had minimum average 
indoor temperatures below -9.5°C, which would not be comfortable even with 
blankets. The unheated tent would be comfortable for part of the year, in some 
climates. These results are useful for characterising the SERT, but bearing in mind 
that the shape, size and materials used for these tents is different to that of the SERT. 
The study suffered two limitations, namely, the air infiltration, modelled as ‘cracks’, 
was not validated using test data, and the radiation losses were assumed to be 
negligible, which was deemed to be an incorrect assumption once simulation results 
were analysed. 
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Virgo simulated an imagined tent geometry’s thermal comfort. He created eighteen 
different geometrical modifications to the basic hexagonal shape chosen, which was 
imagined without reference to the field or literature (Virgo 2008). He studied these 
eighteen geometries in a climate with seasonal variation, including extremes of hot 
and cold. The results were used to classify the geometries based on their ability to 
reduce fuel consumption in trying to maintain a thermally comfortable temperature in 
winter, and through comparing the internal temperature against an agreed thermally 
comfortable maximum in the summer. He found the seemingly simple tent to be 
wildly affected by slightly fluctuating outdoor factors, with notes on the effect of 
wind direction, ground insulation, wall insulation, opening size, roof height, solar 
shading and grouping tents together to shield from the wind (Virgo 2008). The tent 
was almost completely unable to store heat energy within itself. The study provides 
some ideas for the most likely aspects of tent modification that will lead to 
improvement in a SERT’s thermal comfort. 
(Wu 2011) derived a CFD model of a standard IFRC tent using boundary conditions 
from dynamic thermal simulation results in three climates (UK, China, Pakistan). A 
multi-segmented IESD-Fiala human thermal comfort model, representing a standing 
human occupant in winter clothes, was coupled with a CFD model of the 
unventilated tent, as this approach was found to be more accurate in predicting 
thermal comfort than using CFD alone. Simulation convergence was not possible in 
steady-state, so transient simulation was undertaken over 30 seconds. Thermal 
comfort was monitored at the coldest external hours, where the tent’s thermal 
environment was shown to be highly asymmetrical. Both coupled and uncoupled 
models rated the thermal comfort as extremely cold in the coldest cases, but 
indicated potential overheating in summer due to the roof being heated by solar 
radiation. The model’s usefulness was limited by a lack of validation using real data, 
and by the effect of infiltration being approximated as two square openings in the 
doors, and the wall temperatures being set to fixed temperatures. 
Three- and four-season expedition tents were tested for thermal comfort, by 
occupants who could adjust their insulation level up to 7.5 clo using sleeping bags, 
while sleeping on foam mats and inflatable mattresses (Cena, Davey et al. 2003). Of 
six high-altitude treks, the lowest air temperature recorded was -7.4°C on Everest, 
which was voted a mean thermal sensation of +1.7 for that whole trek. Over the six 
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treks, the majority of tent occupants experienced close to thermal neutrality. This 
indicates that thermal comfort at sub-zero temperatures is possible in some tents, 
when occupants can control their insulation level. 
In the cold climate of the Antarctic, the solar heat gained by man was found to be 
double that in the desert, due to the presence of snow and ice on the ground (Pugh, 
Chrenko 1962). During times of high solar radiation, the internal temperature of the 
tents monitored here was significantly higher than ambient. The globe temperature 
measured in a light cotton-nylon blend yellow single-skinned tent, was 13°C higher 
than the internal air temperature on average; but only 1 or 2°C higher in a black 
double-skinned tent made of heavier fabric. The air temperature in each tent was 
found to be similar, due to the superior insulation delivered by the black tent's 
double-skin and higher density fabric, balancing out the effect of the solar gain in the 
yellow tent, the author suggests. The temperature inside the yellow tent was 20°C 
higher than ambient on a summer daytime, but only 2°C higher during winter night-
time, due to the lack of solar transmission. The effect of solar radiation on man was 
the equivalent of raising the ambient temperature by 24-32°C. A white nylon lining 
inside the yellow tent lead to a 10°C reduction in internal-external temperature 
difference. The author concludes that the yellow tent exhibits the greenhouse effect, 
which may be relevant for the emergency relief tent. 
CFD modelling of igloos which share many characteristics with tents has also been 
undertaken (Woolf n.d.). They were found to have a very good design for ventilation 
and maintaining liveable levels of temperature and relative humidity, as shown in 
Figure 2.3. This work complements that of Cook, considering thermal stratification 
(Cook 1996). 
 
Figure  2.3: Ventilation and Temperature of an Igloo (Cook 1996) 
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2.4.3 Assessing	thermal	comfort	summary	
Relatively little research has been done into hot climate thermal comfort in SERTs, 
and there are slightly more studies into thermal comfort modelling of humanitarian 
shelters in cold climates. The key themes coming out of this research are summarised 
in Table 2.3. They give an indication of the likely outcomes of any thermal comfort 
research into SERTs. Much of this work has a clear methodology and can be built on. 
Table  2.3: A summary of the common themes found in the research assessing thermal comfort in shelters 
 Causes of reported thermal 
discomfort 
Suggested improvements 
Hot Climate  Indoor air stratification 
 Poor ventilation 
 High relative humidity 
 Solar gain 
 Low thermal mass of tent material 
 Shading 
 Tent orientation 
 Insulation 
 Ventilation 
 Evaporative cooling 
 Fabric material 
 Reflective fabric 
coating 
Cold 
Climate 
 Indoor air stratification 
 Heat lost to ground 
 Low thermal mass of walls 
 Strong influence of outdoor 
conditions 
 Poor heat retention 
 Sleeping bags 
 Heaters 
 Insulation 
 
2.4.4 Improving	thermal	comfort	of	tents	and	lightweight	shelters	in	hot	
climates	
The known thermal discomforts in pilgrimage tents in Makkah, Saudi Arabia, were 
studied by Zaki (1991).  Comparing tents suitable for four to six persons with and 
without a canvas canopy used for shading, the unshaded tent reached a peak external 
surface temperature of 50°C during the day. The canopy was found to reduce the heat 
rate by up to 49%, by eliminating the direct beam solar radiation while still allowing 
airflow over the surface of the roof, thus improving thermal comfort.  
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Salom et al. (2005) optimised the thermal comfort in a naturally ventilated series of 
16000m2 double-skinned exhibition tents in the Mediterranean, measuring 20m wide 
with a 7.8m apex. Through running dynamic thermal and CFD simulations of the 
tents under temperature conditions reaching over 32°C, with high solar radiation, the 
tent design was improved by increasing the height of the roof by 30cm at a regular 
interval along the apex. This increased the pressure difference, improving air 
circulation in the tent, and reduced the air temperature at the level of the tent 
occupants due to stratification. The model predicted an acceptable PMV for the new 
design under windy conditions, however, in the absence of sea breeze or at ambient 
temperatures greater than 29°C, the PMV was predicted to be unacceptable, as the 
indoor air temperature reached 3°C above ambient. 
The Bedouin make adaptations such as leaving their tent open all day, moving the 
tent to maximise shading or solar gain for each living zone, and avoiding heat-
retaining furniture by sitting on the floor, to improve thermal comfort in tents during 
the summer (Attia 2014, Dabaieh, Borham 2015). Personal changes such as taking an 
afternoon siesta and wearing wear white loose robes also promote thermal comfort 
(Attia 2014). The Bedouin have got used to the temperatures over time, and are 
comfortable even between 24 and 29°C (Attia 2014). Conversely, emergency 
affectees would not have time to adapt, as they suddenly become displaced. Dabaieh 
suggests that refugees try to reproduce the weaving traditions of the Bedouin. 
However, this seems like giving up on people from non-nomadic cultures ever 
having a permanent home.  
Following discussion with Syrian refugees in Egypt, Jordan and Lebanon, regarding 
their issues with thermal comfort and any adaptations they make to improve their 
tents, Dabaieh (2015) proposes an irregular grid cluster layout for tented camps, 
creating pockets of warm and cool air which would lead to air circulation caused by a 
pressure difference. The recommended tent is a double-skinned wool structure with 
an adjustable roof to take advantage of air stratification with the change in seasons. 
Improving thermal comfort in Jordanian refugee shelters was studied by (Ajam 1998). 
The major conclusions were that roof insulation, as well as night ventilation, played a 
key role in improving thermal comfort. However, these results are of limited use as 
the shelters in question are not tents, just simple rigid structures. Kim (2015) 
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achieved thermal comfort in South Korean temporary shelters by varying the air 
velocity in summer. 
Borge-Diez (2013) added a ‘cool-roof’ to low-cost, naturally ventilated, concrete 
emergency shelters to reduce the predicted mean radiant temperature by 4.25°C and 
the operative temperature by 3.54°C, in Haiti. Buchberg (1967) recommends total 
shading from solar radiation or coating the roof with low absorptance material, 
adding reflective insulation at the walls and ceilings, and night-ventilation, in hot 
conditions, for basic shelter constructions made of concrete or wood. Nguyen (2014) 
recommends low thermal absorptance of external walls, airtightness, no floor 
insulation, and maximising thermal mass of materials, to improve thermal comfort 
for low cost housing in a sub-tropical climate. 
2.4.5 Improving	thermal	comfort	of	tents	and	lightweight	shelters	in	cold	
climates	
One key concept in cold climate emergency sheltering is that of winterisation, the 
idea that ‘generic’ emergency shelters can be prepared for winter by adding 
additional liners, sleeping materials for the occupants, and so on (Sheltercluster, 
Saunders 2009, Becker 2009). Insulation and tent liners have been the major focus 
for studies done over the past ten years. While many of these are informal in nature, 
it is useful to consider the ideas presented in them. Current work being carried out by 
the IFRC indicates that winterisation strategies are of utmost importance 
(ICRC/IFRC 2012b, ICRC/IFRC 2012c, ICRC 2012, ICRC/IFRC 2012a). Key 
components under scrutiny are the geometry of the tent frame, the material used for 
the tent walls, roof, and floor, and size of windows or vents. 
One study (Grisaffi 2003), found that infiltration causes about 50% of heat loss from 
an uninsulated tent, and adding a liner reduces this to 10%. This was also found by 
Battilana (Battilana 2001). Increased airtightness and artificial heating are 
recommended (Buchberg, Naruishi 1967). Spence adds that tent insulation thickness 
has little bearing on infiltration rates, so the best way to keep someone thermally 
comfortable is just to provide more blankets (Spence 2003). However, Henerichs 
(Henerichs, Islam) hypothesised that for a ground temperature at -10°C, the overall 
heat loss in the tent could be reduced to an acceptable 59W by adding a stove and a 
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flooring component of either a 2cm layer of solid EPS insulation or a 2cm air layer 
with an infrared reflective coating on the top, to compensate. 
Salvalai et al. (2014, 2015) developed a lightweight multilayer insulator which could 
be suitable for emergency shelters, that is made of metallised plastic films, arranged 
in panels. They reduce radiative heat exchange and have a high thermal resistance. 
Their effectiveness depends on the emissivity of the foil and the size of the air cavity. 
This insulating structure has been implemented in a thermal model of a refugee 
shelter, suitable for ten occupants, simulated in Belgrade's climate. The results 
indicate that a shelter made entirely from the insulating panels adds 7°C to the 
average air temperature, compared to a canvas-only tent, and one with walls and roof 
made of insulating panels and floor made of LDPE adds 5°C. This would lead to 
improved thermal comfort in a cold climate. 
Different forms of space heating have been used to improve thermal comfort in tents 
(Song 2011), Attia 2014). Seeking other solutions to create warmth in cold climate 
tent usage is common with real occupants, as opposed to augmenting the structure of 
the tent (Ashmore 2002). 
2.4.6 Improving	thermal	comfort	summary	
Much can be learned from attempted improvements to lightweight shelters and tents. 
Common themes for hot climate improvements include shading, adjusting roof 
height, and ventilation. Cold climate suggestions include adding insulating layers, 
reflective insulation, vent size alteration, and the addition of a stove. Some 
techniques could be useful in hot or cold climates, such as improving the dynamic 
thermal performance of lightweight walls in temporary housing by using a sequence 
of resistive and capacitive layers in the wall structure, in any climate (Fantozzi, 
Galbiati et al. 2014). Many of the common ideas have been trialled in lightweight 
shelters, but could be useful in tents. 
The majority of the tent improvement attempted has been focussed on cold climate 
shelter. This is due to long-standing concern as tents are not primarily designed for 
cold climates. Different authors have aimed to quantify key design features necessary 
for a cold climate humanitarian tent, by collating all the literature available to them at 
the time (Manfield, Ashmore et al. 2004). This has involved a historical analysis of 
the tents used by different peoples to deal with this problem, such as yurts and their 
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traditional construction from natural materials. It is interesting to consider this 
approach, and whether such materials could be used today in a similar way. Owing to 
the speed required in deploying these shelters, slaughtering animals or chopping 
reeds or shelter materials, would not be practical.  
2.4.7 Methodology	for	thermal	comfort	prediction	and	measurement	in	
shelters	
All the shelter studies in Sections 2.4.1 to 2.4.5 were undertaken using a variety of 
methods, some using mixed methods to achieve their aims.  
Many researchers chose to interview or use questionnaires with the shelter occupants 
(Al-Aysan Al-Ghamdi 1993, Susanti, Attia 2014, Saleh 2011, Cena, Davey et al. 
2003, Dabaieh, Borham 2015). This can be advantageous as real viewpoints can be 
gauged, but complex if ethical issues arise. It can be limiting if there are few willing 
to participate. 
Some simply used mathematics to calculate heat flux through (Zaki, Al-Turki et al. 
1991) or thermal properties of (Henerichs, Islam) known materials that can be used 
in tents.  
Measurements were taken in real tents (Al-Aysan Al-Ghamdi 1993, Susanti 2015, 
Attia 2014, Cena, Davey et al. 2003, Pugh, Chrenko 1962, Zaki, Al-Turki et al. 1991, 
Salvalai, Imperadori et al. 2015); commonly recorded parameters being fabric 
surface temperature, fabric thermal conductivity and transmittance, beam and diffuse 
solar radiation, ambient temperature, internal air temperature, globe temperature, 
humidity and air speed. These measurements were used by some to gauge thermal 
comfort using PMV, PPD, operative temperature, or effective temperature metrics 
and/or validate computer models. Collecting real thermal comfort data in a tent can 
be the most accurate way to obtain data on the tent’s performance, but only if the 
monitoring equipment is calibrated. 
The thermal performance of shelters was commonly predicted using dynamic 
thermal simulation (Attia 2014, Saleh 2011, Crawford, Manfield et al. 2005, Virgo 
2008, Salom, Pascual et al. 2005, Ajam 1998, Salvalai, Imperadori et al. 2015), with 
a variety of software codes such as TRNSYS, EnergyPlus, DEROB-LTH, TAS and 
ESP-r. CFD simulations were sometimes done to get a more detailed overview of the 
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space, (Wu 2011, Woolf n.d., Salom, Pascual et al. 2005), with the boundary 
conditions often being taken from dynamic thermal models. Limitations to the 
models included: dynamic thermal simulations assuming the air is well mixed and 
oversimplifying airflow, imprecise modelling of air infiltration, heat transfer, and 
wall behaviour. 
Some researchers chose to assess an unventilated tent, which can be a good base case 
for validating a computer model, while others used openings for a more realistic 
assessment of how the tent would be used. Some assessed the tents with zero 
occupancy, which makes validating a computer model more straightforward, but 
does not explore the effect of human beings on the space, which is significant. 
Experimental work in shelter research falls into two main categories; physical testing 
with real tents and monitoring equipment, and simulation of tents using different 
pieces of software. Both methods have their advantages and pitfalls, and each author 
focusses on a different aspect of the tent to study in detail. Modelling validated with 
physical testing, is arguably more useful than non-validated modelling, and is a 
method of working in this field that has not been fully exploited. It is also important 
to use a highly regarded software code for the modelling, which is appropriate for the 
task. The methods chosen for this thesis are detailed in Chapter 3. 
2.4.8 Humanitarian	relief	shelter	innovations,	adaptations	and	redesigns	
In recent years, various entities both commercial and academic have tried to create 
emergency shelter solutions using innovative ideas (Sinisterra 2004, Bradford, Sen 
2005, Maffei 2011).  Earthbag shelters (Geiger, Stouter 2008) were once a popular 
suggestion; abandoning the tent altogether and choosing a robust and adaptable 
structure that can be thrown together in minutes. These have been particularly useful 
in Pakistan in the wake of earthquake. Other shelter materials suggested have been 
paper (Orrell 2012), vegetable fibres (Barbosa 2014), bamboo (Escamilla, Habert 
2015) and shipping pallets for floors (Schermerhorn 2015), often due to the 
availability of these materials locally to the disaster, rather than their thermal 
properties. 
The Ha-Ori foldable shelter made from corrugated polypropelyene, which is 
lightweight, the Desert Seal, designed for weather extreme temperatures (shown in 
Figure 2.4) (Kaiser 2006), concrete tents (Lamport 2011) which proved expensive, 
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yurt dome replicas (Shelter Systems 2011) which have not been taken up by the 
major aid organisations, and felt insulation (Today's Zaman 2012) are just some of 
the innovations to come out of the last decade.  
 
Figure  2.4: Left; The Hai-Ori shelter, Right; the Desert Seal (Kaiser 2006) 
Massey University in New Zealand took a different approach, making a tent which is 
faster to deploy as a single unit and safer, more secure and culturally relevant (Adank, 
Snowdon 2008). Unfortunately, the tent does not improve on thermal comfort. 
Origami-style shelters (Asefi, Sirus 2012, Martínez-Martín, Thrall, Quaglia, 
Dascanio et al., Quaglia, Yu et al., Thrall, Quaglia 2014) are similarly easily 
deployable. 
A shelter whose roof incorporates integrated climate control (Cox, Gijsbers et al., 
Gijsbers, Cox et al. 2009), the Malaysian Improvised Rapid All Weather Shelter 
(Mustakim, Rahman et al. 2009), and a temporary shelter in China (Shi 2014) claim 
to have been designed for thermal comfort. However, they may not be suitable for 
humanitarian relief in terms of cost and weight. Tafahomi (2014) came up with a 
generic shelter design that can be used with a decision support system to choose the 
correct characteristics for each climate. If this took into account thermal comfort, it 
would be a very useful tool. 
There were several recent independent sets of emergency shelter redesigns. 
LifeShelter is an all-weather family shelter with a reusable roof for transferring to a 
permanent dwelling (Evershelter 2013) and the Refugee Housing Unit (Karlsson, 
Kanter 2013, Engineering & Technology 2013) is a metal framed structured with 
insulated panels for improved thermal and audio comfort, tested at a camp in Dollo, 
Ethiopia (Nuri 2013). The ‘coffee cup’ style stackable shelter unit (Castle 2014), an 
adaptable tee-pee shaped structure made with tree branches which claims to be all-
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weather suitable (Alsammarae 2014), and a collapsible woven home (Heap 2014), 
were designed in a way which considers thermal comfort, but as there is no published 
evidence for this, it is hard to know how to build on their work.  
Having documented the technical aspects of shelters in Burundi (Shelter Research 
Unit 2012a), the Shelter Research Unit (SRU) at the Luxembourg arm of the IFRC is 
working on prototypes of new tents including ones with different levels of insulation 
(ICRC/IFRC 2012b, ICRC/IFRC 2012a, Virgo 2014). Their prototype designed for 
cold climates, which has been field tested in Mongolia, will include improved 
airtightness due to a PVC outer tent, increased floor insulation, recycled PET inner 
tent material and a heat-reflecting inner tent roof (Shelter Research Unit 2015). The 
work undertaken is through physical testing at various collaborative universities, 
such as at the University of Eindhoven where they study thermal comfort of disaster 
relief shelter (Erkelens, Akkerman et al., Cox, Gijsbers et al. 2009). The SRU has 
also implemented some Tuareg style shelters in Mali, Burkina Faso, which provided 
vastly improved thermal comfort on the SERT and at less than half the cost (Shelter 
Research Unit 2012b). 
There has also been a move towards ‘Shelter Kits’ or ‘Speedkits’ (Ferrer, Serra et al. 
2009, Braedt, Buyle 2012), providing fast solutions to augment tents as a shelter, and 
to be more flexible to the specific emergency situations. Much of the work in quickly 
deployable shelters has been done at Vrije Universiteit Brussel (Shelter Research 
Unit, Vrije Universiteit Brussel 2011, Vrije Universiteit Brussel 2012), as well as 
shading systems (SPEEDKITS 2013), shown in Figure 2.5, and new tent structure 
designs, in the prototyping stage (Shelter Research Unit 2015). The work of 
Speedkits has led to the production of new guidelines for assisting humanitarian 
actors in choosing suitable materials for shelters (De Vilder, Buyle et al. 2016), 
which is a significant contribution to the field. 
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Figure  2.5: Testing shading techniques for SERTs in Burkina Faso (SPEEDKITS 2013) 
The attention that has been given to the problem of improving thermal comfort in 
SERTs, combined with the reports from the field of poor thermal comfort in 
humanitarian relief shelters indicates that this is a problem that is worth solving.  
While the designs discussed above are very interesting they still serve to demonstrate 
that there is a real need for more scientific research into thermal comfort in SERTs 
and how they may be improved in a realistic, practical way. Looking at the research 
landscape, there is general interest in improving disaster relief tents, though the focus 
is not necessarily on thermal comfort of occupants. 
2.4.9 Recent	updates	to	thermal	comfort	tent	research	
Recently, the work of (Cornaro, Sapori et al. 2015) and (Obyn, Van Moeseke et al. 
2015) have added to the research landscape new information about the thermal 
performance of humanitarian tents.  
Cornaro (2015) modelled a 5.85 x 5.02m blue cotton-modacrylic unventilated tent 
with integrated photovoltaics, using IDA Indoor Climate and Energy, validated using 
experimental data collected in a warm climate over a one week period in Italy. 
Internal and external air temperature and RH, wind speed and direction and solar 
radiation were all recorded. While the ambient temperature varied between 10°C and 
24°C, the internal temperature was between 9°C and 45°C. The internal RH reached 
100% on every day of monitoring. 
The tent model was limited by an overestimation of internal temperature, possibly 
due to inaccurate modelling of air infiltration. The model included estimates for 
long-wave emissivity, short-wave reflectance, and thermo-physical properties of the 
tent material, and the ground was modelled as clay. In cold conditions, where the 
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ambient temperature varied between 12°C and -6°C, the internal air temperature in 
the tent was predicted to reach an equilibrium with the ambient temperature, even 
with a heater and four occupants, as all heat produced was lost through the walls and 
floor. With added aerogel insulation, however, the power required to maintain the 
tent at a comfortable temperature, was significantly reduced. In warm conditions, 
where the ambient temperature was between 24°C and 30°C, with four occupants the 
internal air temperature was predicted between 20.5°C and 38.4°C. The maximum 
temperature reduced by 5°C with insulation introduced. Artificial cooling did not 
impact the thermal comfort significantly, and adding shading to the insulated tent 
only reduced internal temperature by 2°C, even with the doors and windows open. 
Obyn (2015) created a model in the Sketchup EnergyPlus plugin, of a standard IFRC 
family tent, calibrated and validated using field data collected in Belgium. The tent 
was monitored in Belgium during two months (October and November) for a total of 
39 days, either unventilated or with the vents open. Thermocouples measured 
internal temperature and the external weather data was also recorded. The thermal 
model was made up of seven zones, considering airflow and resistance. All tent 
surfaces bar the groundsheet were modelled as fully glazed, with solar transmission 
and thermal conductivity properties of the fabric used in the real tent. The glazed 
surfaces were considered as fully opened and airflow modelled using discharge 
coefficients of the fabric and cracks. The discharge coefficients and the soil thickness 
below the tent were adjusted until simulation results matched the field measurements 
taken in Belgium. A major finding from the measured data was the internal air 
temperature's dependence on solar radiation. The study could be improved by adding 
measured data for MRT, indoor air speed and RH, temperature sensor calibration, 
and broadening the tent tests beyond unventilated mode, and vented mode. The 
model could be further validated using hot weather data, and aim towards including 
the night overcooling phenomenon. 
2.5 Other	humanitarian	tent	performance	considerations	
Research into thermal comfort in humanitarian tents must sit in the context of other 
issues relating to tent performance, which is summarised below. The points are 
drawn from a wide range of sources, including sources not covered previously in the 
literature review. 
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 Indoor Air Quality can be poor in tents (Thomassen, Brattebø et al. 2004, 
Bales, Poag et al. 2008) which is particularly important to note when thinking 
about ventilation and insulation.  The medical implications of thermal 
discomfort (Manfield, Corsellis 1999), and transmission of diseases are issues 
in a tent environment. 
 Humanitarian relief tents are often adapted by their occupants, which can be a 
good or a bad decision.  If people are not used to them then the tent’s lifetime 
can be reduced from one year to six months; conversely, if the occupants 
were semi-nomadic pre-disaster they may be able to adapt tents to make them 
last for years. 
 The shelf life of humanitarian tents is poor, they tend to rot and decay 
(Ashmore 2004).  Recent research considers the anchoring and fixings of the 
tent, as they tend to blow away easily (Shelter Research Unit 2013). 
 Tent occupants need some way of heating them in cold climates, but the cost 
of fuel is typically prohibitive. 
 The social and cultural stance of a person or group influences how tented 
accommodation is used or perceived; it has been said that these issues can 
dominate all other issues with providing adequate emergency shelter. It is 
important to bear in mind the age of the occupants, and whether they are 
vulnerable or not. 
 Parsons talks in some detail about the complications to thermal comfort 
caused by irregular buildings and different types of occupants (Parsons 2003).  
 One of the greatest difficulties with emergency tent provision is production 
and distribution time, and the costs involved with this.  Commonly, thousands 
must be distributed at a moment’s notice.  This affects what happens with 
them in the future and how many improvements can be affordably made. 
 There are so many variables it is difficult to decide what makes a difference 
to the thermal comfort of the tent.  
2.6 Research	Gaps	
Having considered that which has been reported by others within the research 
landscape surrounding the thermal comfort of SERTs, research gaps were identified 
for the purposes of identifying the most useful course of action. 
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There is need for more up-to-date research on the thermal comfort performance of 
SERTs in cold climates; the same is true for SERTs in hot climates. In both cases, 
from previous research and anecdotal evidence it is likely that the current SERTs will 
not perform to a comfortable standard, when assessed against the thermal comfort 
metrics given in 2.3.3.  There is no complete research that shows what specifically 
causes thermal discomfort in tents, only that there is thermal discomfort in tents. 
There is no definitive research on the ‘big picture’ of how the internal environment 
of the SERT behaves, comparing the tent in different climatic conditions and with 
changes in aspects of its geometry.  There has been some physical testing done over 
the past twenty years but not enough to get an acceptable overview. Without seeing 
the whole picture, it is impossible to create a useful re-design, as improving one 
aspect could make another worse.  In such a small envelope constructed from low 
thermal mass materials, every small change in the geometry can have great 
repercussions. 
There is a need to know the airflow within the tent, and loss mechanisms that are 
present.  This can be done by using dynamic thermal simulation to see when and 
where the worst conditions happen and using CFD simulation to see why these 
conditions occur within the tent, what is causing the discomfort.  Firstly, this needs to 
be quantified for a SERT, then changes can be made to the tent design and dynamic 
thermal simulation used to see the impact of these changes. 
Studying the thermal comfort inside a SERT for any climate would be a useful and 
novel contribution to knowledge, as well as any design modifications that can be 
suggested for said climate(s).  It would be useful to assess whether the tents measure 
up to the standards mentioned in 2.3.2, in case the standards require modifications to 
prevent use of inappropriate tents. 
Having considered the research gaps, specific research questions were developed and 
addressed in this thesis, which are listed in Chapter 1, and the methods used to 
answer them and help to fill some of these research gaps, will be explained in 
Chapter 3. 
44 
 
Chapter	3	
Research	Methods	
3.1 Introduction	
The first two chapters discussed the problem of poor thermal comfort in Standardised 
Emergency Relief Tents (SERTs) and concluded that there is a research gap in 
understanding the magnitude and causes of thermal discomfort in these SERTs. 
There is also a need to employ scientifically based methods to improving their design 
for thermal comfort.  
The purpose of this chapter is to explain and justify the methods used to meet the 
Aim and Objectives of the research, set out in Chapter 1, to contribute towards 
closing some of the knowledge gaps described in Chapter 2. It includes an overall 
research strategy, a detailed description of how and why each method was used, and 
the limitations. The methods used to conduct this exploratory research are explained 
in Sections 3.3. – 3.5. 
3.2 Research	Strategy	
This section explains how each of the research methods employed work together in 
order to meet the Aim and Objectives of the research, given in Chapter 1. The 
research was undertaken from the epistemological perspective set out in Chapter 1.  
Table 3.1 shows the relationship between the objectives, the research questions they 
raised, and the research methods used to answer them. 
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Table  3.1: The objectives, research techniques and research questions of the thesis 
Objective Summary of methods used 
to fulfil the objective 
Research questions 
explored, to meet the 
objective 
Objective 1) 
Determine the 
attributes (visual, 
geometrical, 
material) and usage 
of a typical SERT. 
 
Literature Review of a wide range 
of documents both published and 
including personal communications 
(emails and telephone 
conversations). 
What is a widely agreed 
description of a SERT? 
Where are SERTs used? 
How long are SERTs used for? 
Who are SERTs distributed and 
used by? 
Objective 2) 
Ascertain whether 
a SERT delivers 
appropriate 
thermal comfort 
required by its 
occupants in a 
range of different 
climates. 
a) Review methods of thermal 
comfort quantification and 
determine and appropriate 
strategy for the SERT (Section 
2.3). 
b) Using a real SERT and 
monitoring equipment, assess 
its overall thermal comfort 
performance over a period of 
six months, across changing 
climatic conditions (Section 
3.3). 
c) Predict the thermal comfort in 
the SERT in three different 
climates, using dynamic 
thermal modelling with hourly 
weather data, over the period 
of a year (Section 3.4). 
d) Predict the response of the 
human body to a range of local 
environmental conditions 
(airspeed, temperature), 
representative of real case 
studies, using CFD modelling 
(Section 3.5). 
 
 
How can thermal comfort in 
SERTs be quantified? 
How does the thermal environment 
of a SERT vary with the hours and 
the seasons? 
From the perspective of a SERT 
occupant, how is thermal comfort 
in a SERT affected by cold climate 
conditions? 
From the perspective of a SERT 
occupant, how is thermal comfort 
in a SERT affected by temperate 
climate conditions? 
From the perspective of a SERT 
occupant, how is thermal comfort 
in a SERT affected by hot climate 
conditions? 
Which of the SERT’s attributes are 
most detrimental to providing a 
thermally comfortable 
environment? 
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Objective Summary of methods used 
to fulfil the objective 
Research questions 
explored, to meet the 
objective 
Objective 3) 
Identify how 
thermal comfort 
experienced by 
SERT occupants 
can be improved by 
redesigning some of 
the SERT’s 
parameters. 
a) Make changes in the design 
parameters of the dynamic 
thermal models of the SERT, 
with a view to reconfiguring 
the SERT’s optimum design 
criteria as appropriate for the 
three climates mentioned 
(Section 3.4).   
b) Use dynamic thermal 
simulation to quantify the 
effect of design changes on 
thermal comfort (Section 3.4). 
How can the SERT’s parameters 
be changed to improve thermal 
comfort across the seasons and 
climates? 
Objective 4) 
Evaluate the 
revised design or 
material 
parameters that 
have been 
modelled, and 
make 
recommendations. 
a) Analyse dynamic thermal 
simulation results, to 
numerically compare the 
effectiveness of each SERT 
design change (Chapter 7).  
b) Report revised design/material 
parameters to SERT 
manufacturers and key 
humanitarian organisations to 
facilitate design modifications, 
through recording design 
changes in the final thesis. 
Which of the modifications, for 
thermal comfort, gives the greatest 
improvement? 
Which of the modifications, for 
thermal comfort, are most useful 
and practical for SERT designers 
and users? 
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Figure  3.1: A diagram showing the relationship between the research methods and how they contribute towards addressing the research objectives 
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Figure 3.1 illustrates the relationships between the research methods and how they 
work together to answer the research objectives. 
Three research techniques were used to deliver the objectives: Physical Testing, 
Dynamic Thermal Modelling and CFD Modelling. 
The purpose of the physical testing was twofold; to collect data in a real SERT to 
inform the thesis in its own right, by revealing the effects of each SERT 
material/design parameter on thermal comfort, and to validate the SERT dynamic 
thermal models and CFD models. 
Dynamic thermal modelling was employed to quantify the thermal comfort 
performance of the SERT in a range of climates and across the hours and seasons.  It 
also provided boundary conditions for the CFD simulations.  Thermal modelling 
enabled tent optimisation for thermal comfort, by altering different material and 
design parameters. 
CFD modelling was used to predict the human body’s response to local environment 
conditions in the SERT in a real case study.  
These three methods are described in sections; 3.3., 3.4., and 3.5. 
3.2.1 	Research	Boundaries	
This research focussed on a single example of one design of humanitarian tent, 
chosen because of its compliance with standards adhered to by those distributing vast 
quantities of humanitarian shelter, with the aim of this research impacting as many 
future humanitarian tent occupants as possible. Of the available methods to assess the 
thermal comfort of humanitarian tents, three were chosen; physical testing, dynamic 
thermal modelling, and CFD modelling. There were no human test subjects 
interviewed as part of this research. These methods were chosen as opposed to others, 
to collect and assess quantitative data on the thermal performance of humanitarian 
tents, in order to discover the specific reasons behind thermal discomfort in tents and 
quantify the level of discomfort that could be experienced using numerical examples 
in real case studies. This data provides a measurable benchmark from which 
improvements to the thermal performance of humanitarian tents can be made. An 
explanation of the specific limitations of the research in this thesis can be found in 
Chapter 8.   
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3.3 Method	1	–	Physical	Testing	
3.3.1 Introduction	
The aim of the physical testing was to scientifically quantify the thermal comfort 
level in the SERT, in a UK climate. Previous research and publications suggested 
that thermal discomfort would be experienced in the SERT, in hot and cold climates, 
which was tested by applying the physical testing data to computational models. 
3.3.2 Equipment	Used	
As the International Federation of Red Cross and Red Crescent Societies (IFRC) co-
chairs the Global Shelter Cluster with the UN Refugee Agency (UNHCR), their 
influence and governance over emergency shelter standards reaches and impacts 
people worldwide. For this reason, a standardised humanitarian family tent meeting 
IFRC/International Committee of the Red Cross (ICRC) specifications (IFRC 2012), 
updated June 2012, was used to physically test the thermal properties of a SERT1. 
The family sized shelter was chosen as these are used to house families, who are key 
recipients of aid in disasters or emergencies. 
 
Figure  3.2: The front and rear views of the SERT, adapted from (IFRC 2012) 
Figure 3.2 shows the front and rear elevations of the symmetrical SERT; its outer 
canvas is 6.6m long and 4m wide at its widest point.  The vents are shown as small 
triangles in the upper centre portion of each diagram.  The outer doors are shown in 
the lower centre portion of each diagram, as squares measuring 1.4m by 1.4m. 
                                                            
1 The SERT was kindly donated by Alpinter. 
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Figure  3.3: Front/Rear view of the SERT inner, adapted from (IFRC 2012) 
The tent is comprised of two layers; inner and outer. The inner layer, as shown in 
Figure 3.3, is a symmetrical room with two identical pentagonal ends. This was 
covered by the outer layer as shown in Figures 3.2, 3.4 and 3.5, from the front, top 
and side respectively.  
 
Figure  3.4: Plan view of the SERT, adapted from (IFRC 2012) 
Figure 3.4 illustrates the positioning of the porch areas on each end of the main tent 
body, seen from above. The porches have only the outer layer of canvas and no 
groundsheet. The central square portion is the main tent living space and is made up 
of two layers of canvas separated by an air gap, as well as a groundsheet on the floor. 
A partition at either end of the inner tent canvas seals the main living space, with a 
zipped door for exit and entry. 
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Figure  3.5: Side view of the SERT, adapted from (IFRC 2012) 
Figure 3.5 shows the SERT from the side; here the window is visible as a rectangle 
in the lower centre portion of the tent diagram. There is an identical window on the 
opposite side. Table 3.2 details the properties of each fabric used in the SERT. 
Table  3.2: SERT fabric properties, taken from (IFRC 2012) 
Tent Portion Material Mass/unit 
area 
(g/m2) 
Colour Water-vapour 
permeability 
(g/m²/24h) 
Outer tent 
roof canvas 
Polyester and cotton 
blended fibres yarns. 
cotton: 40% (±10), 
polyester: 60% (±10) 
350 
(±15%) 
Natural 
white 
2000 
Outer tent 
wall canvas 
Polyester and cotton 
blended fibres yarns. 
cotton: 40% (±10), 
polyester: 60% (±10) 
200 
(±10%) 
Natural 
white 
2000 
Inner tent 
canvas 
Polyester and cotton 
blended fibres yarns. 
cotton: 40%(±10), 
polyester: 60%(±10) 
130 ±10% Dyed 
sand/ 
cream 
colour 
2000 
Groundsheet Woven polyethylene 
fabric, coated on both 
sides with low-density 
polyethylene. 
180 (± 5%) Grey (can 
be other 
colours) 
N/A 
Mosquito net 
on inner 
doors/windows
Polyester 100%, or PE 
100% 
N/A White N/A 
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Table  3.3: Instruments used to collect data inside the SERT (Dantec 2012, Onset, RS 2014, Onset 2016) 
Variable 
measured 
Device Accuracy Record 
Frequency 
Air 
temperature, °C 
Thermocouples and a 
Pico Technology TC-08 
Thermocouple Data 
Logger 
±0.5°C 
resolution from 
–40°C to 
+125 °C 
60 readings per 
minute 
Relative Humidity 
(RH), % 
HOBO U12 
Temperature/Relative 
Humidity/Light/External 
Data Logger 
±2.5% from 
10% to 90% RH 
(for its 
temperature 
sensor: ±0.35°C) 
12 readings per 
hour 
Mean Radiant 
Temperature 
(MRT), °C 
TMC1-HD temperature 
sensors covered by 
40mm diameter black 
globes 
±0.15ºC at 20ºC 12 readings per 
hour 
Air speed, m/s Dantec 54T21 
Omnidirectional 
Transducers 
(anemometers) with a 
Squirrel SQ2020 Series 
Data Logger 
±0.01m/s 30 readings per 
minute 
 
For data collection inside the SERT, two data loggers and twelve sensors were used; 
these are detailed in Table 3.3. Data from a weather station, set up and maintained by 
another department within the University, was available for usage in order to 
compare the data collected inside the SERT with outdoor data from the same 
moment in time. The instruments used in this weather station are given in Table 3.4. 
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Table  3.4: Instruments used at the weather station to collect outside data (Campbell Scientific Ltd. 1998, 
2010, 2012) 
Variable measured Device Accuracy Record 
Frequency 
Air 
temperature, °C 
Campbell 
Scientific Ltd 
CS215 
Temperature and 
Relative Humidity 
Probe 
±0.3°C at 25°C; 
±0.4°C over +5°C 
to +40°C; 
±0.9°C over -40°C 
to +70°C 
15 minute intervals
Relative Humidity 
(RH), % 
Campbell 
Scientific Ltd 
CS215 
Temperature and 
Relative Humidity 
Probe 
±2% over 10-
90% , ±4% over 
0–100% 
15 minute intervals
Wind Speed (m/s) WindSonic 
Ultrasonic Wind 
Sensor 
± 2% of reading 15 minute intervals
Wind Direction (° 
from North) 
WindSonic 
Ultrasonic Wind 
Sensor 
± 3° 15 minute intervals
Solar Radiation 
(W/m2) 
SP–Lite Silicon 
Pyranometer 
±5% of reading 15 minute intervals
 
3.3.3 Sensor	Calibration	
Before measurements could be used, it was necessary to calibrate the monitoring 
equipment. 
An SC150 Thermo Scientific immersion circulator and water bath with an accuracy 
of ±0.02°C (Thermo Fisher Scientific 2016) was used to calibrate the air temperature 
sensors. Over a range of temperatures, the data logger recorded the temperature read 
by each of the sensors, which was compared with the set temperature of the water in 
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the bath. The graphs of actual versus recorded temperature were used to calibrate the 
sensors. 
The %RH sensors were calibrated by mixing a saturated salt solution using sodium 
chloride and distilled water. The data logger recorded the %RH at a range of 
temperatures and these were compared to lab tested values of %RH that should be 
present in a vacuum at each temperature with that salt solution. 
The MRT sensors were calibrated by removing the black globes and comparing the 
readings on the air temperature sensors with those that were calibrated using the 
water bath. However, reading into mean radiant temperature’s appropriate 
measurement, implied that even calibrated sensors do not always give clear results. 
The anemometers were calibrated using an air chamber with fans, and secondly by 
placing them in a calibrated wind tunnel at Loughborough University. The wind 
tunnel was cycled through a range of low air speeds from 0 to 1.5m/s and the actual 
measured value compared with a value measured by a calibrated Testo 4” vane probe 
with an accuracy of ±0.1m/s (Interworld Highway 2016). 
3.3.4 Method	
To form part of the answer to Objective 2, the tent was pitched outdoors on the 
Loughborough University campus in Loughborough, UK, between January 2014 and 
July 2014, during which time measurements were taken using calibrated monitoring 
equipment positioned inside the tent.  The location of the tent is shown within the red 
circle in Figure 3.6. The site was enclosed by a high wire fence and powered from a 
nearby Portakabin. The tent was pitched with one door facing North-East and the 
other facing South-West; consequently the windows faced North-West and South-
East respectively. 
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Figure  3.6: The location of the SERT on Loughborough University campus, from above, indicated by the 
red circle. Map data ©2014 Google. Adapted from (Google 2014) 
Risk assessments were carried out and approved, for the tent pitch and the 
installation of monitoring equipment. Taking mains power from the Portakabin 
outside required an appropriate IP rated box to house the extension lead, and an RCD 
at the socket in order to fulfil safety requirements.  
Table 3.5 details the ventilation cases for which the SERT’s thermal comfort was 
monitored. In Case 1, the SERT was tested with all doors, windows and vents closed, 
to create a simplified test case where there would not be airflow entering or leaving 
the tent through the openings. In Cases 2, 3 and 4 thermal comfort was monitored 
with the vents open, the windows open, and the doors open, each of the three above 
ventilation methods being observed independently. 
Table  3.5: Cases of measurement in the SERT 
Case Vents Windows Doors 
1 Closed Closed Closed
2 Open Closed Closed
3 Closed Open Closed
4 Closed Closed Open 
 
The measurement methods chosen build on the work of others known to the author 
(Wei 2013), who have conducted similar studies. The monitoring equipment was set 
up on a trolley at three heights, 0.2m, 0.6m and 1.1m from the ground, to measure 
the thermal comfort at lying down, sitting and standing heights respectively. At each 
Pilkington Library 
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height there was an instrument present measuring %RH, air temperature, MRT and 
air speed.  Figure 3.7 shows the trolley used inside the SERT, with the monitoring 
equipment attached to it. 
 
Figure  3.7: The monitoring equipment trolley set up in the tent 
The equipment trolley was left to gather data for a few hours, a few days or a week at 
a time.  Measurements were recorded at small intervals, ranging from every second 
to every five minutes, as the tent’s inner environment is inhomogeneous and the 
thermal conditions within the space are transitory (Wu (2011b).  
The positioning of the trolley in the tent was very important to capture what was 
happening at enough points in the tent cross-section. Figure 3.8 shows the three 
locations within the tent where monitoring took place. Monitoring at three heights 
and with the trolley in three locations in the tent gave a nine-point monitoring cross-
section. 
 
Figure  3.8: Tent monitoring locations (plan view), where a yellow dot indicates the location, adapted from 
(IFRC 2012) 
To use the physical testing data to predict the thermal comfort in a SERT, an 
appropriate clothing level and metabolic rate of a typical SERT occupant was 
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required. Both factors are affected by culture, gender, climatic conditions, and 
limited access to clothing and blankets, some of which may be distributed by relief 
agencies. Clothing level, measured in the unit of clo, is used to calculate a level of 
thermal insulation for an occupant, using the table found in ISO 7730 (British 
Standards Institute 2005). For cold climates the clo value was assumed to be 1.5 clo; 
for hot climates 0.7 clo was assumed. Considering the size of the tent, it is reasonable 
to assume that on average a family will use it for sleeping, sitting, and cooking, 
depending on the climate and culture. An appropriate metabolic rate of 1.1 met was 
chosen by consulting the chart found in ISO 7730, where a reclining subject is 
assigned a metabolic rate of 0.8 met, and a sedentary but active person has a 
metabolic rate of 1.2 met. 
3.3.5 Data	management	
The measurements were recorded using data loggers and accessed and analysed 
using Microsoft Excel. Values of PMV and PPD were calculated for each set of 
measurements using the methods described in Section 2.3.3.  The calculations were 
undertaken using the thermal comfort calculator in DesignBuilder (2013). These 
PMV and PPD calculations were used to assess the thermal comfort in a SERT over 
a period of six months. They were also used for model validation as described in 
Sections 3.4. and 3.5. 
3.3.6 Limitations	
The monitoring in a real SERT took place in only one location, at intervals, over a 
period of six months, largely during the day time. This was done for practical 
purposes in order to monitor the tent under safe and relatively controllable conditions. 
Clearly this approach will not record the tent’s response to every possible external 
parameter, but enough to learn how the tent tends to perform as the external 
environment varies. 
The tent was alone, so not affected by the presence of other tents in a camp, and only 
pitched in one orientation for the duration of the tests. That said, a variety of wind 
speeds and directions occurred during the monitoring. Data was only collected at 
nine points in a central cross section of the tent space, not the whole tent volume. 
These points were chosen to represent lying-down, sitting and standing height, at the 
front, centre, and back of the tent. The unventilated, vent-ventilated, window-
ventilated, and door-ventilated ventilation strategies were each tested independently, 
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to see the effect of each in turn, but combinations of the methods were not used (for 
example one window and one vent). 
A full winterisation strategy was not employed in the tent, as initial tests indicated 
that it made little difference to the thermal environment of the tent. The effects of 
using such equipment would likely be more effective for tent tests with real human 
occupants, who produce heat which can then be stored. A cooking stove was not 
used in the tests for safety purposes. 
The instruments used for monitoring the tent all have some error, which was 
minimised by calibrating the equipment. However it must be acknowledged that the 
results cannot be perfect. The internal environment of the SERT had to be disturbed 
occasionally to check on the monitoring equipment, though this was kept to a 
minimum. The weather data used to compare the internal-external conditions came 
from a weather station a few metres away from the tent’s location, but the equipment 
was calibrated by the owner, rather than the author. However, this data can be 
compared with nearby weather data from ‘official’ weather stations. 
During data processing some of the data was averaged, but it was done so with due 
care and declared in the relevant Section. The PMV and PPD were only calculated 
for clothing levels of 0.7 clo and 1.5 clo, and a met rate of 1.1 met. The reasoning 
behind this is discussed in Section 3.3.4.  
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3.4 Method	2	–	Thermal	Modelling	
3.4.1 Introduction	
Heat transfer occurs in buildings via conduction, convection and radiation. Thermal 
modelling employs mathematical techniques to simplify these complex processes in 
order to work out how a building’s materials and design will impact its users in 
different seasonal and climatic conditions. Dynamic thermal modelling is better than 
steady state for seeing the reality of conditions changing with time, and allows 
materials’ heat storage properties to be modelled (Firth 2014). Dynamic thermal 
simulations can also be used to find boundary conditions for CFD simulations.  
Previous research and publications suggested that thermal discomfort would be 
experienced in the SERT, in a range of climates. Dynamic thermal modelling was 
employed in this research to find out what level of thermal comfort or discomfort the 
SERT would provide in a range of climates (hot, temperate, and cold). Thermal 
modelling was also necessary to find boundary conditions for the CFD simulations 
(such as the air temperature and wind speed) as discussed in Section 3.5. Finally, it 
was used to find methods of improving the thermal comfort of the SERT through 
altering its design or material parameters in the model. 
3.4.2 Equipment	Used	
It was necessary to choose appropriate software for dynamic thermal simulation 
using hourly weather data (Wu 2011a). While there are a range of software packages 
available, DesignBuilder Version 3.2.0.067 (DesignBuilder Software Ltd 2015) with 
Energyplus 7.2 was chosen for its adaptability to unusual geometries and 
construction materials, enabling accurate modelling of a tent geometrically and 
materially similar to the real SERT. DesignBuilder is an advanced software package 
suitable for use by architects and engineers to accurately model complex building 
geometries and ventilation systems, and perform energy simulations on them. 
Building design alternatives can be compared for ease of building design 
optimisation, and EnergyPlus thermal simulations can be run and analysed.  
EnergyPlus simulations were utilised effectively in Wu’s work for modelling 
emergency tents (Wu 2011a); EnergyPlus was found to be the most suitable tool, as 
it can accurately represent the asymmetric environment of a tent and can directly 
export the temperature of individual building components.  
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Simulations were carried out on a standard laptop with 4GB RAM and a dual core 
processor. 
3.4.3 The	SERT	Model	
The tent geometry was drawn out, as shown in Figures 3.9 – 3.12, with dimensions 
identical to those of the real SERT, including the vents, windows and doors, and the 
effects of infiltration. Material properties for each layer were assigned to each wall, 
floor and roof element, as detailed in Tables 3.6 – 3.9.   
 
Figure  3.9: The inner lining of the SERT with roof lifted off to show the inside, modelled in DesignBuilder 
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Figure  3.10: Front/Rear view of the DesignBuilder model of the SERT 
 
Figure  3.11: Plan view of the DesignBuilder model of the SERT 
 
Figure  3.12: Side view of the DesignBuilder model of the SERT 
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Table  3.6: The material properties of the outer tent roof and walls 
Property Original Value Modified 
Material 
Material Sheffield Plastics Makrolon 
15 
Trans Tent Outer 
Thickness (m) 0.00439 0.000496 
Conductivity (W/mK) 0.200 0.198 
Solar Transmittance (-) 0.817 0.041 
Solar Reflectance; Inside (-) 0.059 0.059 
Solar Reflectance; Outside (-) 0.058 0.058 
Visible Transmittance (-) 0.883 0.039 
Visible Reflectance; Inside (-) 0.061 0.061 
Visible Reflectance; Outside (-) 0.060 0.060 
Infra-red Transmittance (-) 0.000 0.050 
Emissivity; Inside (-) 0.900 0.900 
Emissivity; Outside (-) 0.900 0.900 
Absorptance (-)  N/A 0.900 
 
Table  3.7: The material properties of the inner tent roof and walls 
Property Original Value Modified 
Material 
Material Sheffield Plastics Makrolon 
15 
Trans Tent Inner 
Thickness (m) 0.00439 0.000352 
Conductivity (W/mK) 0.200 0.168 
Solar Transmittance (-) 0.817 0.041 
Solar Reflectance; Inside (-) 0.059 0.059 
Solar Reflectance; Outside (-) 0.058 0.058 
Visible Transmittance (-) 0.883 0.039 
Visible Reflectance; Inside (-) 0.061 0.061 
Visible Reflectance; Outside (-) 0.060 0.060 
Infra-red Transmittance (-) 0.000 0.050 
Emissivity; Inside (-) 0.900 0.900 
Emissivity; Outside (-) 0.900 0.900 
 
The material properties for the outer and inner tent roof and walls were based on a 
standard plastic material provided in the DesignBuilder catalogue of building 
materials, in order to allow solar radiation through the tent fabric. Based on 
communication with the code developers of DesignBuilder (Tindale 2015), this 
material was modified to create new materials called ‘Trans Tent Outer’ and ‘Trans 
Tent Inner’. A low transmittance and high absorptance were recommended. The 
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absorptance was taken to be 0.9, and as such the transmittance and reflectance added 
together were set equal to 0.1. The material’s conductivity and thickness were found 
from measurements of real tent fabric, using a thermal analyser and digital thickness 
gauge, respectively.  
The double roof layer of the inner roof covered by the outer roof, was modelled 
using a window shading on the roof material, ‘Translucent Tent Inner Shading’, with 
the same properties as ‘Trans Tent Inner’, as shown in Table 3.7, and positioned 
0.1m below the outer tent roof, parallel to it. 
Table  3.8: The material properties of the groundsheet 
Property DesignBuilder LDPE Material Modified 
Material 
Material Polyethylene / Polythene, low 
density 
Tent Gnd 
Thickness (m) N/A 0.001 
Conductivity (W/mK) 0.33 0.245 
Density (kg/m3) 920 407 
Specific Heat Capacity 
(J/kgK) 
2200 882.57 
Vapour resistance factor (-
) 
100000 100000 
Emissivity / Thermal 
Absorptance (-) 
0.9 0.9 
Solar Absorptance (-) 0.7 0.7 
Visible Absorptance (-) 0.7 0.7 
Roughness (-) Rough Rough 
 
The material properties for the SERT groundsheet were based on the material 
provided in the DesignBuilder catalogue of building materials, ‘Polyethylene / 
Polythene, low density’. This material was modified to create a new material called 
‘Tent Gnd’, as shown in Table 3.8. The material’s conductivity, density, specific heat 
capacity and thickness were found from measurements of real tent fabric, using a 
thermal analyser and digital thickness gauge. 
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Table  3.9: Properties of the meshed areas of the tent 
Opening Type Covering Method Coefficient of discharge (-) 
Internal Vents Vent - Fine grille 0.25 
External Vents Vent – Coarse grille 0.33 
Internal Windows Vent – Coarse grille 0.33 
External Windows Vent – Coarse grille 0.33 
Internal Doors Vent – Coarse grille 0.33 
External Doors N/A N/A 
 
The SERT openings (vents, windows and doors) were modelled as vents of bespoke 
shapes; details given in Table 3.9. The discharge coefficients (Cd) of the vents 
represented the permeability of the mosquito net that covers the real openings, with 
the exception of the external door which is simply an opening with no mosquito net. 
They were calculated using the formula: ܥௗ ൌ ஺೑೗೚ೢ஺೛೓೤ೞ೔೎ೌ೗ , where the open area of the 
vent (Aflow) and total area of the vent (Aphysical) were measured using mosquito net 
samples from the real SERT. 
The calculated natural ventilation method option in DesignBuilder was employed in 
order to model infiltration into the SERT through ‘cracks’, representative of the 
porosity of the SERT fabric. This was recommended by the code developers of 
DesignBuilder (Tindale 2015). The crack template was set to ‘Good’; the attributes 
of this template can be found in Table 3.10.  
For the validation simulations no occupants were modelled because there were no 
people inside the real SERT during the physical testing. For the simulations in hot, 
temperate and cold climates, the occupancy density for the main living space of the 
SERT was set to 0.25 people/m2, equating to four people in a 16m2 living space. 
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Table  3.10: Attributes of the ‘Good’ crack template in DesignBuilder 
Item(s) Flow coefficient (units) Flow exponent (-)
External windows 0.00006 (kg/s.m crack @ 
1Pa) 
0.7 
External doors, internal 
windows 
0.0006 (kg/s.m crack @ 1Pa) 0.7 
Internal doors 0.02 (kg/s.m crack @ 1Pa) 0.7 
External vents 0.004 (kg/s.m crack @ 1Pa) 0.7 
Internal vents 0.003 (kg/s.m crack @ 1Pa) 0.7 
Internal walls 0.002 (kg/s.m2 @ 1Pa) 0.75 
External walls 0.00004 (kg/s.m2 @ 1Pa) 0.7 
Internal floors 0.0003 (kg/s.m2 @ 1Pa) 0.7 
External floors 0.0003 (kg/s.m2 @ 1Pa) 1 
Roofs 0.00003 (kg/s.m2 @ 1Pa) 0.7 
 
3.4.4 Model	Validation	
Initially, the real material properties were measured from SERT fabric, in order to 
confirm that the approximations made in the dynamic thermal model were not 
detrimental to the usefulness of the simulation results.  The models were developed 
from initial approximations then iterations created in order to match the model with 
the reality recorded through physical testing, thus creating validated models. The 
purpose of this was to minimise error in simulations of the SERT and any optimised 
tents based on this design. 
The model with no ventilation openings was compared with the unventilated tent 
tests in order to validate the materials used in the model and its geometry. By 
examining DesignBuilder weather files for the East Midlands, UK over the course of 
one year, days were found with similar outdoor conditions to those found on the days 
of physical testing (in terms of temperature profile, sunlight hours). The simulation 
results were compared to the real results obtained in the tent, and evaluated as to 
whether the simulated indoor air temperature fell within ±3K of the measured data. 
The same process was repeated for the tent where each of the ventilation methods 
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was used. A more detailed explanation of the validation method, and the results, can 
be found in Appendix B. 
3.4.5 Method	
The SERT model was simulated with hourly weather data for each of three climates, 
by assigning an appropriate weather file for each location to the tent site. This was 
done to answer in part Objective 2, by predicting how the SERT’s thermal 
environment would be affected by different climatic conditions.  
  
Figure  3.13: A map of disasters which required emergency shelter items (ShelterBox 2014). Map data 
©2014 Google. 
The climates used to test the tent were one hot, one cold, and the temperate UK 
climate. As Figure 3.13 shows, disasters happen across the globe and a myriad of 
locations could be studied. The locations chosen were based on the same criteria that 
Wu (2011b) and Virgo (2008) used to choose their disaster affected areas; places 
with extremes of temperature and many displaced people.  
For this research, the location chosen for cold climate tests was representative of 
Nepal, the site of an April 2015 earthquake. The available weather file with climatic 
conditions most similar to Nepal was that of Pagri in China, so this area was used for 
the DesignBuilder simulations. The UK was chosen for the temperate climate 
because of ease of access to real physical data for this area in order to validate the 
thermal and CFD models. The location chosen for hot climate tests was 
representative of Chad and Sudan, where emergency shelters have often been 
deployed. The available weather file with climatic conditions most similar to 
Chad/Sudan was that of Kharga in Egypt, so this area was used for the DesignBuilder 
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simulations. A detailed summary of climate figures for each location is found in 
Tables 3.11 to 3.16. 
Table  3.11: Simulation environment representing Loughborough, UK, taken from (DesignBuilder Software 
Ltd 2013) 
Item Value 
Hourly Weather File GBR_FINNINGLEY_IWEC 
Location Template Nottingham WX CTR 
Source ASHRAE/IWEC 
WMO 33540 
Climatic Region 5C 
Koppen Classification Cfb 
Latitude (°) 53 
Longitude (°) -1.25 
Elevation 117 
Standard pressure (kPa) 99.9 
Timezone GMT 
Winter Oct-Mar 
Summer Apr-Sep 
Exposure to wind Normal 
Site Orientation (°) 45 
Ground Cultivated clay soil (0.5m) 
Surface solar and visible reflectance (-) 0.2 
Snow reflected solar modifier (-) 1 
Snow reflected daylight modifier (-) 1 
Annual precipitation (m) 0.75 
 
Table  3.12: Monthly ground temperatures in Loughborough, UK, taken from (Met Office) 
Month  Ground temperature (°C)
January -1.5 
February -1.5 
March 0.5 
April  1.5 
May  3.5 
June 6.5 
July 8.5 
August 8.5 
September 6.5 
October 3.5 
November 1.5 
December -2.5 
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Table  3.13: Simulation environment representing Chad/Sudan, taken from (DesignBuilder Software Ltd 
2013) 
Item Value 
Hourly Weather File EGY_AL WADI AL 
JADID_KHARGA_ETMY 
Location Template Kharga (oasis) 
Source ASHRAE/ETMY 
WMO 624350 
Climatic Region 4B 
Koppen Classification BWh 
Latitude (°) 25.45 
Longitude (°) 30.53 
Elevation 73.0 
Standard pressure (kPa) 100.5 
Timezone (GMT+02:00) Cairo 
Winter Oct – Mar 
Summer Apr – Sep 
Exposure to wind Normal 
Site Orientation (°) 45 
Ground Earth, common (0.5m) 
Surface solar and visible 
reflectance (-) 
0.2 
Snow reflected solar modifier (-) 1 
Snow reflected daylight modifier (-) 1 
Annual precipitation (m) 0.75 
 
Table  3.14: Monthly ground temperatures in Egypt, averaged from values given in (Taylor 1928) 
(temperatures over 35°C were represented as maximum ground temperature of 35°C in DesignBuilder) 
Month  Ground temperature (°C)
January 14.7 
February 19.8 
March 23.6 
April  30.0 
May  35.2  
June 39.8 
July 41.3 
August 40.2 
September 37.1 
October 31.1 
November 23.5 
December 19.0 
 
   
69 
 
 
Table  3.15: Simulation environment representing Nepal, taken from (DesignBuilder Software Ltd 2013) 
Item Value 
Hourly Weather File CHN_PAGRI_SWERA 
Location Template Pagri, China 
Source ASHRAE/SWERA 
WMO 557730 
Climatic Region 7 
Koppen Classification H 
Latitude (°) 27.73 
Longitude (°) 89.08 
Elevation 4301.0 
Standard pressure (kPa) 59.3 
Timezone (GMT +08:00) Beijing, Chongqing, Hong 
Kong, Urumqi 
Winter Oct-Mar 
Summer Apr-Sep 
Exposure to wind Normal 
Site Orientation (°) 45 
Ground Earth, common (0.5m) 
Surface solar and visible 
reflectance (-) 
0.2 
Snow reflected solar modifier (-) 1 
Snow reflected daylight modifier 
(-) 
1 
Annual precipitation (m) 0.75 
 
Table  3.16: Monthly ground temperatures in Tibet, taken from (Fujii, Higuchi 1976) 
Month  Ground temperature (°C)
January -4.5 
February -2.0 
March 0.0 
April  5.0 
May  7.0 
June 11.0 
July 12.0 
August 11.0 
September 9.0 
October 11.0 
November 2.5 
December -3.5 
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Typical simulation periods for use in DesignBuilder are shown in Table 3.17. Each 
period is determined from statistics from the hourly weather data file used. For the 
zero occupancy validation simulations, using temperate climatic conditions, the 
entire year was simulated for each of the ventilation configurations.  
For the occupied models in temperate, hot and cold climates, similar to the research 
of (Wu 2011a), the coldest and hottest hours in the year were investigated, by 
simulating the summer and winter design weeks. This demonstrated the range of 
thermal environmental conditions that a SERT user could experience, over the period 
of a year, in each climate, thus finding the ‘worst case’ thermal discomfort they may 
experience. The PMV and PPD in the main living space area of the SERT, were 
recorded and analysed in Microsoft Excel, for these conditions.  
Table  3.17: DesignBuilder typical simulation periods, taken from (DesignBuilder Software Ltd) 
Simulation Type Description 
Annual simulation  All 365 days of the year 
Summer design 
week  
A week identified by the weather data translator as being the 
hottest of the year. 
Summer typical 
week  
A week identified by the weather data translator as being 
typical of the summer 
All summer  Simulate the whole summer (as identified by the weather data 
translator). 
Winter design 
week  
A week identified by the weather data translator as being the 
coldest of the year. 
Winter typical 
week  
A week identified by the weather data translator as being 
typical of the winter 
All winter  Simulate the whole winter (as identified by the weather data 
translator). 
 
Table  3.18: Simulation cases for the SERT dynamic thermal modelling with four occupants 
Case Ventilation Method Climate Clothing Level (clo) 
1 Unventilated Cold 1.5  2 Vents Open 
3 Unventilated 
Temperate 0.7 (Summer week) 1.5 (Winter week) 
4 Vents Open 
5 Windows Open 
6 Doors Open 
7 Vents Open 
Hot 0.7 8 Windows Open 
9 Doors Open 
 
71 
 
Table 3.18 details the ventilation cases for the SERT dynamic thermal simulations. 
In Cases 1 and 3, all the doors, windows, and vents were closed. In Cases 2, 4 and 7, 
the SERT had open vents; in Cases 5 and 8, open windows; and in Cases 6 and 9, 
open doors. For the cold climate it would be unrealistic to have any windows or 
doors open, unless using a stove, which would completely change the thermal 
environment of SERT and is beyond the scope of this thesis. 
3.4.6 Establishing	improved	SERT	design	parameters	
The parameters that were changed were the shading strategy for hot climates, and the 
insulation strategy for cold climates.  This was undertaken because these factors had 
a significant impact on the thermal comfort in the tent during the physical tests, as 
discussed in Chapter 4. 
The predicted PMV, PPD and indoor air temperature in the improved tent models 
was compared with that in the original SERT. The details of the method and results 
are found in Chapter 7.  
3.4.7 Limitations	
The dynamic thermal simulations were run in three climates, with four occupants in 
the tent, during the hottest and coldest weeks of the year in each climate. These three 
climates were representative of areas where humanitarian tents have been often used, 
four occupants is a typical number for the family tent, and the climatic extremes were 
used to find the worst case scenarios for the SERT occupants. Neither the specific 
position of the tent occupants, nor the addition of a cooking stove, was included in 
the model. These methods do not cover all possible eventualities but focus in on 
relevant tent scenarios and external conditions. The models were validated using 
only real UK climate data, which was the only data available for collection by the 
author. 
The nature of dynamic thermal modelling is such that the air inside the tent was 
assumed to be well-mixed, and the airflow simplified compared to reality. Other 
simplifications were made such as the maximum ground temperature being set to 
35°C and weather data files for the case studies being substituted by those for 
locations with similar climates, where data for the exact locations was unavailable. 
Some of the materials used in the DesignBuilder model are slightly different from the 
real materials used in the SERT, namely the plastic material used which replaces the 
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canvas. This limits the model’s ability to accurately model the breathable quality of 
the tent fabric. This approximation was necessary in order to allow sunlight through 
the tent material, as there was no translucent canvas material available in 
DesignBuilder. The tent material’s properties such as absorptivity, reflectivity, 
transmissivity, and conductivity were estimated from tests done on the real tent 
fabric or where possible from the literature. The porosity of the fabric was modelled 
as ‘cracks’ in the fabric, the walls and roof modelled as closed windows and the outer 
roof layer modelled as a translucent window shade. The mosquito-net covered tent 
openings were modelled as vents with a discharge coefficient. As dynamic thermal 
modelling of tents is uncommon, software is not naturally set up to cater for this type 
of structure. To reduce the errors caused by these simplifications, the software 
developers were consulted on the best way to approach each simplification. Dynamic 
thermal modelling tends to simplify heat transfer behaviour through surfaces. The 
ground temperatures for all the case studies were estimated from the literature. 
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3.5 Method	3	–	Computational	Fluid	Dynamics	(CFD)	Modelling	
3.5.1 	Introduction	
Buildings require ventilation in order to provide fresh air for the people inside them 
and remove CO2, moisture, heat and contaminants (Cook 2012). In a temporary 
building such as the SERT, natural ventilation methods are employed rather than 
mechanical ones.   
Modelling the airflow through a building can improve the understanding of how the 
ventilation methods impact a building’s thermal environment. CFD modelling is a 
validated technique that has been used for a number of years in a variety of 
applications, including airflow modelling. Steady state simulation using CFD models 
was used in this thesis to show a ‘snapshot’ in time of the airflow through the SERT, 
including local environment conditions (such as air speed and air temperature), that 
an occupant would experience in reality.  
3.5.2 Equipment	used	
As with the thermal modelling, the simulations were carried out on a standard laptop 
with 4GB RAM and a dual core processor. 
PHOENICS version 2015 (CHAM Limited) software was used to conduct the CFD 
modelling; it was chosen because of its robust and trusted code, user-friendly 
interface and plentiful tutorials. Additionally, one of the supervisory team has a 
contact with the developers CHAM, which made it easier to communicate the 
specific needs of the project and get help with any problems that arose due to the 
unusual nature of the building material for the tent. Having studied PHOENICS in 
more detail it became clear this was an appropriate tool for the job, with a balance of 
user friendliness, adaptability and accuracy. 
In PHOENICS, the FLAIR interface can be used to model natural ventilation. The 
FLAIR program also has functionality for calculating PMV and PPD. While these 
methods are used for steady state conditions, they can be adapted to give a fuller 
picture, for example by taking ‘snapshots’ in CFD at small intervals and building up 
a picture of how the PMV changes, or by adding to the PMV calculations manually 
using an aPMV or PMVe multiplier. 
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3.5.3 The	SERT	Model	Pre‐processing	
Developing the CFD model included defining geometry, boundary conditions, mesh, 
mathematical models, fluid and materials properties, and numerical parameters 
(Cook 2012, Chen, Srebric 2002).  This section outlines these features of the SERT 
model.  
Geometry	
The SERT groundsheet, inner walls and roof and outer walls and roof were 
represented by the geometry in Figures 3.14 to 3.17, with dimensions identical to the 
real SERT. The windows were modelled as rectangular openings in the tent, 3.6m in 
length, on each side. There was an offset in height between the windows on either 
side of the tent of 2cm, in order to add a slight asymmetry to promote convergence. 
They are shown in Figures 3.16 (outer) and 3.17 (inner). The only difference in 
geometry from the real SERT was the addition of 0.125m high slots at either end of 
the tent geometry, in the inner and outer tent layers, representing the porosity of the 
tent fabric. This is a technique commonly used for building modelling as no building 
is completely airtight. The tolerance was set to 0.001m, so that only objects within 
this distance of one another would be assumed to be coincident. The base of the 
SERT geometry was positioned in the centre of the (x,y) plane at z=1m, in a domain 
of size 19.8*12*5.4m, as recommended by the code developers (Glynn 2015). This 
can be seen in Figure 3.18, from above and from the front.  The red arrow represents 
the direction of the wind from the outside. The tent was positioned on top of a 1m 
thick section of ground.  
 
Figure  3.14: The inner tent model showing location of windows 
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Figure  3.15: The air gap between inner and outer tent, front view 
 
Figure  3.16: The SERT model in PHOENICS with the windows open, from the side (outer tent) 
 
Figure  3.17: The SERT model in PHOENICS with the windows open, from the side (inner tent) 
 
Figure  3.18: The SERT drawn out in PHOENICS within its domain, from the top and front, respectively 
Boundary	Conditions	
Using and observing the real SERT indicated that the effects of the unpredictable 
movement of the tent fabric, caused by the external wind, on the indoor air speed 
(illustrated in Figure 3.19), are negligible compared to other factors affecting thermal 
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comfort in the SERT. Therefore, all tent surfaces were modelled as stationary. The 
near-wall velocity profile at each tent surface was calculated with a log-law wall 
function (CHAM Limited 2010). The surface roughness was deemed negligible 
through discussion with the code developers (Glynn 2015), so it was set to 0m.  
 
Figure  3.19: Air speed measured in the unventilated SERT between 24 and 25 February 2014, compared to 
a range of outdoor wind speeds 
At the lower domain boundary, the ground temperature was set at 40.15°C, 
representative of the hot climate case study, or 8.5°C for the temperate climate case 
study. The 1m thickness of ground material between the lower boundary and the tent 
was an adiabatic blockage with the heat transfer properties of stone chippings, with a 
roughness of 0.1m and an emissivity of 0.98 (The Engineering Toolbox 2016). The 
heat lost through radiation to the tent’s surroundings was represented by *RAD 
patches at the upper boundary and North, South, East and West boundaries, which 
set the desired external radiant temperature and emissivity at each boundary. The 
temperature at the North, South, East and West boundaries was set to ambient, and 
the upper boundary was set to 18°C, representing a cloudy sky, as opposed to a clear 
sky with a temperature of 0°C (NASA 2016). The emissivity was set to 1, as 
recommended by the code developers. 
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The inner and outer tent walls were modelled as blockages with heat transfer 
coefficient of 2.5W/m2K (CIBSE 2006).  The inner and outer roofs were modelled as 
angled blockages with heat transfer coefficient of 5W/m2K (CIBSE 2006). These 
heat transfer coefficients are not specifically prescribed for porous or moving 
material. However the tent fabric has been modelled as stationary, as discussed 
above. By modelling the porosity of the fabric as two slots on either side of the tent, 
the heat lost from or gained by the tent internal space, through air flowing through 
these slots, also represents the impact of porosity on the convective heat transfer of 
the fabric’s surface i.e. due to the heat stored in the air trapped between textile fibres 
being convected away by outdoor air flowing over the fabric surface. Therefore, for 
the purposes of choosing a suitable heat transfer coefficient, the tent walls and roofs 
were considered non-porous and stationary. The groundsheet was modelled as a plate 
with a surface heat flux, given in Table 3.19.  
The tent walls, roofs and groundsheet were assigned surface heat flux values, to 
represent the effect of solar radiation on the tent heating the tent roofs and producing 
a heat patch on the tent floor.  The heat flux values were calculated using the 
transmissivity, absorptivity, reflectivity and emissivity of the fabrics and taking into 
consideration total solar radiation, sun path diagrams, air mass, and cloud cover, and 
are given in Table 3.19. The location of the sun and shadows was predicted using the 
SUN object in PHOENICS, an example of which is shown in Figure 3.20. All the 
tent surfaces had an emissivity of 0.9 (CIBSE 2006). 
Table  3.19: Total surface heat flux values set for the SERT case studies 
Case Study Outer Roof 
Surface Heat Flux 
(W) 
Inner Roof 
Surface Heat Flux 
(W) 
Groundsheet Surface 
Heat Flux (W) 
Hot Climate 2052.394 72.386 5.936 
Temperate 
Climate 
9599.340 273.552 11.216 
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Figure  3.20: The path of the sun around the SERT at the latitude of Kharga, Egypt 
Porous plates were used to represent openings in SERT surfaces. Flow through the 
porous plates was represented by a pressure drop (Pa) across them, given by the 
CIBSE (2007) equation for pressure drop through wire mesh  
∆p ൌ 12݇௠௘௦௛ρu
ଶ 
where kmesh=resistance coefficient of the mesh (-); ρ=air density (kg/m3) and u= 
mean air velocity through the mesh (m/s). The porosity was 0.33 for each window. 
This pressure drop represented the effect on airflow of the mosquito net covering 
each of the openings of the SERT. It was found that modelling the openings simply 
as gaps in the walls allowed too much airflow into the tent, with the indoor air speeds 
reaching a magnitude ten times greater than those measured in reality.  
The reference pressure for the domain was standard atmospheric pressure on Earth, 
101325Pa. 
Mesh	
PHOENICS divides the volume of the domain into smaller volumes, the size of 
which is determined by the size of the mesh drawn in x, y, and z directions, 
throughout the domain.  In each of these small volumes the code calculates the 
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relevant fluid dynamics equations in order to determine the air velocity, temperature, 
and pressure in that volume. A Cartesian mesh was used, with mesh density of 
2,402,576 cells. A finer mesh size was used nearer to openings and boundaries to 
model accurately the airflow around them. 
Mathematical	Models	
A Reynolds Averaged Navier-Stokes (RANS) turbulence model was used as a 
satisfactory balance between computational time and accuracy (Chen, Srebric 2002). 
The Chen-Kim k-ε model, was chosen because it is an improved iteration of the 
standard k- ε model, particularly good for plumes of air which can rise from the tent 
floor (CHAM Limited 2010). 
The Immersol radiation model was employed to investigate the effect of solar 
heating on the SERT, as recommended by the code developers. 
Two thermal comfort models were used; the Predicted Mean Vote (PMV) and the 
Predicted Percent Dissatisfied (PPD).  For the solution of these, the radiant 
temperature (°C), the occupant’s clothing level (clo), the metabolic rate (met) and the 
relative humidity (RH) (%) were set in or calculated by the model, as shown in Table 
3.20. The clothing and metabolic rate were estimated from ISO 7730:2005. 
Table  3.20: PMV and PPD solution parameters set for the SERT simulation in a hot climate 
Indoor Air 
Temperature 
(°C) 
Indoor 
Air 
Speed 
(m/s) 
Radiant 
Temperature 
(°C) 
Relative 
Humidity 
(%) 
Clothing 
Level (clo) 
Metabolic 
Rate (met) 
Solved Solved Solved Solved 0.7 1.1 
 
Fluid	and	Material	Properties	
The domain fluid was set to air, with an ambient temperature dependent on values 
taken from the DesignBuilder simulations. The ambient (outdoor) temperature is 
given in Table 3.23. Buoyancy was represented by the Boussinesq approximation, 
which refers to the temperature and is suitable for use with a constant density fluid 
(CHAM Limited 2008). The buoyancy terms for the KE and EP equations were 
activated, as recommended by the code developers, using an ‘auto’ setting which 
detects layers or plumes of air, with a default relaxation setting of 0.3. 
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The tent walls and roofs were modelled as artificially thickened solid blockages of 
thickness 0.01m, in order to improve the mesh density and stabilise the solution. To 
compensate for their increased thickness, their material properties were adjusted 
accordingly by creating new materials and assigning them to the appropriate tent 
section. The properties of these blockages and their counterparts in the real SERT are 
given in Table 3.21.   
Table  3.21: The properties of the tent surfaces represented in PHOENICS compared to the real SERT 
surfaces 
Tent Surface Type Thickness 
(m) 
Conductivity 
(W/mK) 
Density 
(kg/m3) 
Specific Heat 
Capacity 
(J/kgK) 
PHOENICS Tent 
Inner 
0.01 4.77 16200 823 
Real SERT Inner 
Roofs and Walls 
0.000352 0.168 569 823 
PHOENICS Tent 
Outer 
0.01 3.99 13000 951 
Real SERT Outer 
Roof and Walls 
0.000496 0.198 645 951 
 
Numerical	Parameters	
The PHOENICS code uses a Finite Volume numerical procedure (CHAM Limited 
2015). The global convergence criterion was set to 0.01%, meaning that when the 
errors in the solved equations for each variable have fallen below 0.01% of the 
typical flow rate of said variable, the solver will stop (CHAM Limited). In order for 
the solver to terminate, for the pressure, velocity, temperature, KE and EP variables, 
the average change of value must be less than the average change at the first iteration 
multiplied by 1x10-3. The number of iterations was adjusted as required for 
convergence purposes. The code developers’ default settings for solution control 
were adapted, as shown in Table 3.22. The air temperature equation was solved using 
the conjugate-gradient solver, in order to promote convergence, as recommended by 
the code developers. 
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Table  3.22: The settings for solution control 
Variable Relaxation 
Form 
Relaxation 
Factor (-) 
Maximum 
no. of 
Iterations 
Minimum 
allowable 
Value 
Maximum 
Allowable 
Value 
Pressure Linear 1 50 -75993.75 1x1010 
Velocity 
(U,V,W) 
False 
Timestep 
1 10 -1000000 1000000 
Air 
Temperature 
Linear 0.24 50 -30 3000 
Radiant 
Temperature 
Linear 0.24 50 -30 3000 
Ke Linear 0.5 10 1x10-10 1x1010 
Ep Linear 0.5 10 1x10-10 1x1010 
Relative 
Humidity 
Linear 1 N/A -1x1010 1x1010 
MH2O Linear 0.5 20 0 1 
Emissivity Linear 1 N/A -1x1010 1x1010 
PPD Linear 1 N/A 5 100 
PMV Linear 1 N/A -3 3 
PPDR Linear 1 N/A 0 100 
Turbulence 
Intensity 
Linear 1 N/A 0 100 
TRES Linear 1 N/A -1x1010 1x1010 
TCL Linear 1 N/A -1x1010 1x1010 
Scat Linear 1 N/A -1x1010 1x1010 
Ltls False 
Timestep 
1x109 20 -1x1010 1x1010 
Wdis Linear 1 N/A -1x1010 1x1010 
Wgad Linear 1 N/A -1x1010 1x1010 
Den1 Linear 1 N/A -1x1010 1x1010 
El1 Linear 1 N/A -1x1010 1x1010 
Enut Linear 1 N/A -1x1010 1x1010 
 
3.5.4 Method	
The ‘worst case’ from dynamic thermal simulation in a hot climate summer in 
Kharga, Egypt, was investigated to predict the air speed and temperature in the worst 
possible thermal conditions. A mid-range temperate climate case study, for which the 
PMV, indoor air and operative temperature were predicted to be on a borderline 
between acceptable and unacceptable through dynamic thermal modelling, was also 
chosen, to investigate the nuances of the thermal environment. The case chosen was 
in the UK climate, representative of Italy where humanitarian tents have been 
deployed, in the wake of a recent earthquake (ShelterBox 2014). The tent was 
modelled with windows open, and the air speed and temperature at lying down, 
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seated, and standing heights, were recorded and analysed in Microsoft Excel. 
Similarly to Wu (2011a) there were no extra heat sources that may be present in a 
tent such as lighting or cooking equipment, for simplification. 
A wind profile was used for each case in order to model the wind speed and direction, 
given in Table 3.23. 
Table  3.23: Wind profile information 
Property Hot climate Temperate climate 
Angle between North 
and Y (°) 
0 
Wind Direction (° 
From north) 
90 (East) 157.5 (South-South-East) 
Wind speed (m/s) 1.2875 1 
External (Ambient) 
Temperature (°C) 
43.2 12.25 
Reference height (m) 2m for validation simulations, 10m for case study 
simulations, to match the source of the weather data 
External Density Same as domain fluid 
External pressure (Pa) 101325 
Mass flow equation 
for wind profile 
M"=Coef*(Pext-Pp) ; Linear 
Pressure Coefficient in 
mass flow equation (-) 
1000 
Profile Type log-law 
Vertical Direction Z 
Effective Roughness 
Height (m) 
0.1 
Include Open Sky Yes 
 
3.5.5 Limitations	
The CFD model using one ventilation method was simulated with zero occupancy 
and no additional heat sources, for a ‘snapshot’ in time, using environmental data 
from Kharga, Egypt and Loughborough, UK. The model could be used for any 
location, time, and number of occupants, but this case demonstrates just two 
applications. Steady-state simulations can miss important events occurring, and do 
not take into account energy being stored in building components. This could be a 
reason for the model’s tendency to underestimate the indoor air temperature inside 
the SERT. The mathematical models used in CFD modelling will have some error 
compared to reality, and the calculation errors are only minimised by ensuring the 
solution is converged and mesh-independent.  
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The tent material’s properties such as absorptivity, reflectivity, transmissivity, and 
conductivity were estimated from tests done on the real tent fabric or where possible 
from the literature. The porosity of the fabric was modelled as slots in the tent seams, 
and the mosquito-net covered tent openings were modelled as wire mesh. The tent 
walls were artificially thickened to promote convergence, with the thermal properties 
being compensated for as appropriate. The fabric was modelled as stationary, using 
heat transfer coefficients typically used for buildings. The ground material type and 
location of ‘heat patches’ representing the effect of solar gain, were estimated. All of 
the approximations are justified in Section 3.5. 
3.5.6 Error	mitigation	
To reduce the likelihood of simulation results being erroneous, initial convergence 
tests were carried out in order to check that simulation of the model converged as it 
had been set up. The mesh density or the time step was altered as appropriate to 
achieve this. Mesh independence tests were also carried out in order to check that the 
solution was not only true for one mesh structure (see Appendix C). 
Once the SERT simulations converged, simulation results were validated with the 
physical test data. The PHOENICS model was validated in terms of its airflow, 
indoor air temperature, and radiant temperature modelling properties, as these 
variables affect the quality of the simulation output studied in Chapter 6. This 
validation can be found in Appendix C.  
As previously mentioned, the literature (CIBSE 2007) and examination of the 
physical properties of the SERT fabric were used to ensure the correct variables were 
used in the pressure drop formula across the SERT openings. 
3.6 Chapter	Summary	
This chapter has described the methods used in order to answer the aim and 
objectives of the thesis, to contribute towards closing the knowledge gap described in 
Chapter 2. In the literature review it became evident that more research was needed 
to quantify the thermal comfort performance of SERTs and determine the causes of 
thermal discomfort, as well as to find potential improvements to the SERT.  
This chapter also described the merits and limitations of each of the research 
methods used. Chapters 4 to 7 discuss the results obtained from analysing the data 
collected. 
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Chapter	4	
Physical	testing	of	the	SERT	to	
characterise	its	thermal	
performance	
4.1 Introduction	
This chapter provides an analysis of the thermal environment inside a SERT in 
known climatic conditions, by comparing its performance under physical testing in a 
UK climate against the thermal comfort metrics described in Chapter 3. The physical 
test results were collected over a six month period and included use of the SERT’s 
three available ventilation methods, as described in Chapter 3. These results were 
analysed under three headings: thermal comfort in the SERT, air temperature, and 
local environmental conditions, to form a detailed characterisation of the SERT’s 
thermal environment and thus suitability for occupation by SERT users. From this 
analysis, conclusions were drawn to provide the reader with an overview of SERT 
thermal environmental conditions from a comfort and safety perspective. 
Additionally, the SERT characterisation given in this chapter enabled the validation 
of thermal and CFD models of the SERT, given in Appendix B and C, respectively. 
Furthermore, analysis of the SERT’s performance revealed how each SERT design 
feature contributes positively or negatively to the thermal environmental conditions 
inside a SERT in known climatic conditions. This provided insight into suitable 
improvements on the SERT design and materials, explored in Chapter 7.  
Chapter 4 addressed Objective 2 “Ascertain whether a SERT delivers appropriate 
thermal comfort required by its occupants in a range of different climates”, given in 
Chapter 1, Section 1.4. 
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4.2 Assessing	the	overall	thermal	comfort	of	the	SERT	living	space	
measured	using	PMV	and	PPD	for	clothing	levels	of	0.7	and	1.5	
clo	and	met	rate	of	1.1	met	
As described in Chapter 2, PMV and PPD are two relevant metrics for characterising 
the thermal comfort in the SERT. They take into account the air temperature, mean 
radiant temperature, relative humidity, and air speed within the space, and the 
clothing level and activity level of the occupants within that space. In the following 
results, an occupant clothing level of 0.7clo, representing the minimum clothing a 
SERT occupant could suitably wear in any culture, was compared to that of 1.5clo, 
representing several layers of clothing, but not unrealistic garments for an emergency 
shelter user (for example, no expensive Arctic explorer clothing). The activity level 
used was 1.1met, a compromise between a seated relaxed person (1.0met) and a 
person partaking in sedentary activity (1.2met). 
Figures 4.1 and 4.2 show the PMV and PPD over six months in the SERT, where the 
values shown for each day are averaged over all the results collected on that day, and 
not restricted to a single ventilation method. Test days where results were collected 
are given in Appendix A. The SERT would provide a changeable environment over a 
six month period, with PMV varying from -3.0 to +1.7 for a clothing level of 0.7clo, 
or varying from -1.2 to +2.0 for a clothing level of 1.5clo. The SERT user would 
require access to a range of available clothing. The only acceptable PMV ratings 
(within ±0.7) were at the end of June, for a clothing level of 0.7clo, or in mid-April 
for a clothing level of 1.5clo. 
The PPD fluctuated significantly over 6 months, between 8% and 100% for a 
clothing level of 0.7clo and between 5% and 77% for a clothing level of 1.5clo. 
Some of these ratings are below the recommended maximum of 15%. This suggests 
that for part of the year, the SERT occupants could be satisfied with their thermal 
comfort level by altering the clothing they wore, to levels between 0.7 clo and 1.5 clo. 
Figures 4.3 and 4.4 compare the PMV and PPD in the vent ventilated SERT with 
those in the window ventilated SERT. Between the minimum and maximum clothing 
levels suggested in Chapter 3, the SERT occupants would not experience thermal 
comfort in the vent ventilated SERT during the three month period shown in Figure 
4.3. In the window ventilated SERT, they may be able to experience a level of 
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thermal comfort suitable for a category C building, by altering their clothing level 
between 0.7 clo and 1.5 clo. 
Figure 4.5 shows the PMV calculated using air temperature and mean radiant 
temperature data collected over a winter week, with an indoor air speed of 0.001m/s, 
a met rate of 1.1met, a clothing level of 1.5clo and RH of 40% and 70%. Since the 
PMV is outside of the ±0.7 limit during the majority of the week, the SERT user 
would only experience thermal comfort for a few hours. Similar PMV calculations 
for a summer week, shown in Figure 4.6, indicate brief periods of thermal comfort 
but largely discomfort, the worst times of day being midday and the middle of the 
night. 
 
Figure  4.1: PMV based on measurements made in the SERT between 10am and 6pm from February to 
July 2014, for a Met Rate of 1.1 met, comparing Clothing Levels of 0.7 and 1.5 clo 
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Figure  4.2: PPD based on measurements made in the SERT between 10am and 6pm from February to July 
2014, for a Met Rate of 1.1 met, comparing Clothing Levels of 0.7 and 1.5 clo 
 
Figure  4.3: PMV in the SERT between 10am and 6pm from April to July 2014, showing how the PMV 
varies over a four month period 
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Figure  4.4: PPD in the SERT between 10am and 6pm from April to July 2014, showing how the PPD varies 
over a four month period 
 
Figure  4.5: PMVs based on indoor air temperature and mean radiant temperature measured in the 
unventilated SERT at 0.6m above ground between 28 February 2014 and 4 March 2014, using a met rate 
of 1.1 met and indoor air speed of 0.001m/s 
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Figure  4.6: PMVs based on indoor air temperature and mean radiant temperature measured in the 
unventilated SERT at 0.6m above ground between 20 June 2014 and 24 June 2014, using a met rate of 1.1 
met and indoor air speed of 0.001m/s 
 
4.3 Assessing	the	air	temperature	inside	the	SERT	living	space	
against	comfort	criteria	
The indoor air temperature and operative temperature inside the SERT are useful 
indicators in characterising the SERT’s suitability for its users. The metrics used in 
this Section are outlined in Chapter 2, and come from the sources discussed there. 
These metrics reveal how the SERT’s internal temperature is affected by changing 
external conditions. 
For outdoor air temperatures between 7 and 12°C, the indoor air temperature in the 
unventilated SERT was 3.3 to 9.8K lower than the minimum comfort temperature, as 
shown in Figure 4.7. This means that the SERT should not be used at outdoor air 
temperatures below 12°C, as it would be too uncomfortable for SERT users. The 
vent ventilated SERT was monitored over a temperature range between 11°C and 
23°C, where the indoor air temperature was within the acceptable range at an 
ambient temperature of 17°C, as shown in Figure 4.8. However, Figure 4.9 shows 
that at an ambient temperature of 17°C or above, the internal-external temperature 
difference would cause thermal discomfort, since a difference of more than 5K above 
ambient temperature is known to do so, as explained in Chapter 2, Section 2.3.2. At 
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ambient temperatures over 17°C, the indoor air was 1.8 to 5.5K hotter than the 
maximum comfort temperature. It can be concluded that there is a small ambient 
temperature range where the vent ventilated SERT environment would be at an 
acceptable temperature for its occupant(s), at ambient temperatures between 13 and 
17°C.  
Comparing the two configurations, use of the SERT’s vents for ventilation reduced 
the indoor air temperature by 14%, for example, for an outdoor temperature of 11°C 
an average indoor air temperature of 14.4°C was recorded in the unventilated SERT, 
whereas a lower 12.4°C was recorded in the vent ventilated SERT. While neither 
SERT configuration would be comfortable for its occupants at an ambient 
temperature of 11°C, the vent ventilated SERT could be habitable at higher ambient 
temperatures than the unventilated SERT. The SERT users would therefore benefit 
from opening the vents in warmer conditions, but keeping them closed in colder 
conditions. 
 
Figure  4.7:  Indoor air temperature measured in the unventilated SERT, for an outdoor air temperature 
range of 7 to 12°C 
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Figure  4.8: Indoor air temperature measured in the vent ventilated SERT for an outdoor air temperature 
range of 11 to 23°C, averaged to smooth the effect of change in outdoor wind speed or direction on the days 
of the tests 
 
Figure  4.9: The difference between indoor and outdoor air temperature measured in the vent ventilated 
SERT, for an outdoor air temperature range of 11 to 23°C 
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The indoor air temperature measured in the window ventilated SERT was within the 
acceptable range at outdoor air temperatures between 15 and 17°C, as shown in 
Figure 4.10. Above or below this outdoor air temperature range, the SERT’s indoor 
environment was uncomfortably hot or cold. The greatest internal-external 
temperature difference, of 8.7K, occurred at an outdoor temperature of 17°C, as 
shown in Figure 4.11. As the outdoor temperature increased beyond this point, the 
indoor temperature did not change significantly, bringing the indoor air temperature 
closer to ambient. The cooler outdoor air flowing through the SERT, balances the 
effect of solar gain heating air in the SERT, as discussed in Section 4.5. It is not 
possible to extrapolate the presence of this steady-state condition to significantly 
higher outdoor temperatures, using solely UK climate test data. 
Comparison of Figures 4.8 and 4.10 shows that increasing the total external opening 
size by 2.085m2 reduced the indoor air temperature in the SERT by between 1.4 and 
4.9K, for outdoor air temperatures between 19 and 23°C. This was not a large 
enough reduction to bring the indoor air temperature down to an acceptable level for 
SERT occupants at these outdoor air temperatures. 
Figures 4.12 and 4.13 compare the extremes of temperature measured in the vent and 
window ventilated SERT, over a four month period. The peak indoor air temperature 
in the vent ventilated SERT was 11.8K higher than the upper comfort limit, whereas 
that in the window ventilated SERT was 7.8K too high. The lowest indoor air 
temperature in the vent ventilated SERT was 6.3K lower than the minimum comfort 
limit, whereas that in the window ventilated SERT was 4.7K too low. At ambient 
temperatures between 13 and 20°C, the indoor air temperature could be acceptable 
for the SERT users, if one of these ventilation methods is used. 
Figure 4.14 indicates that the average indoor air temperature in the vent ventilated 
SERT would cause discomfort for SERT occupants at average outdoor air 
temperatures of 19°C or over, whereas the average indoor air temperature in the 
window ventilated SERT can be more than 5K above ambient from ambient 
temperatures of 18°C or over, when compared over a four month period. This 
averaging smoothens out any extremes of temperature that may have occurred during 
the four months monitored. 
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Figure  4.10: Indoor air temperature measured in the window ventilated SERT for an outdoor air 
temperature range of 13 to 23°C, averaged to smooth the effect of change in outdoor wind speed or 
direction on the days of the tests 
 
Figure  4.11: The difference between indoor and outdoor air temperature measured in the window 
ventilated SERT, for an outdoor air temperature range of 13 to 23°C 
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Figure  4.12: Maximum air temperature measurements made in the SERT between 10am and 6pm over a 
four month period, comparing the SERT's indoor air temperature with a comfort temperature range 
 
Figure  4.13: Minimum air temperature measurements made in the SERT between 10am and 6pm over a 
four month period, comparing the SERT's indoor air temperature with a comfort temperature range 
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Figure  4.14: Air temperature measurements made in the SERT between 10am and 6pm over a four month 
period, showing whether the difference between indoor air and ambient temperature is acceptable 
In the door ventilated SERT, for outdoor air temperatures between 17 and 20°C, the 
indoor air temperature was within the acceptable comfort limits at some heights in 
the SERT, as shown in Figure 4.15. However, above an outdoor temperature of 20°C, 
the indoor air was 0.5 to 4.5K too hot to be acceptable, and the internal-external 
temperature difference reached over 5K, which is known to cause thermal discomfort, 
until the ambient temperature reached 24°C as shown in Figure 4.16. 
Similarly to the window ventilated SERT results in Figure 4.10, the indoor air 
temperature in the door ventilated SERT increased steadily with outdoor temperature 
during what would be the occupied period, before reaching a steady state at which 
heat gain equals heat loss, at some ambient temperature (in this case 21°C). The 
temperature, at which the SERT’s indoor air remains, is higher than the upper limit 
for comfort, indicating that the flow of outdoor air through each of the SERT’s 
1.82m2 door openings is not enough to outweigh the effect of solar gain heating the 
air in the SERT. This effect is discussed in Section 4.5. 
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Figure  4.15: Indoor air temperature measured in the door ventilated SERT for an outdoor air temperature 
range of 17 to 24°C, averaged to smooth the effect of change in outdoor wind speed or direction on the days 
of the tests 
 
Figure  4.16: The difference between indoor and outdoor air temperature measured in the door ventilated 
SERT, for an outdoor air temperature range of 17 to 24°C 
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None of the SERT’s opening configurations can achieve an acceptable thermal 
environment for SERT occupants at ambient temperatures below 13°C or above 
20°C, but SERTs are frequently used outside of this temperature range. In addition to 
this, Figure 4.171 shows how over all tests done in the SERT, during daytime hours, 
the average operative temperature only twice falls within the indoor operative 
temperature acceptability limit for naturally conditioned spaces, for outdoor air 
temperatures between 10°C and 20°C. This is particularly relevant to SERT 
occupants as they live in a naturally ventilated shelter. 
 
Figure  4.17: The operative temperature inside the SERT compared to the operative temperature 
acceptability limits for naturally conditioned spaces, for prevailing mean outdoor air temperatures 
between 10 and 20°C 
  
                                                            
1 The prevailing mean outdoor air temperature was calculated by taking the average of the mean daily 
outdoor temperatures over seven consecutive days prior to each indoor operative temperature 
measurement. 
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As well as poor thermal comfort, there are health risks to consider. It may not be 
practical to have the doors or windows open at all or for extended periods of time, as 
this reduces privacy for the occupants: vent ventilation may be the only option. The 
indoor air in the vent ventilated SERT has been recorded up to 16K hotter than the 
outdoor air, reacting to ambient temperature variation in a similar way to the 
unventilated SERT. According to Figure 2.2 in Chapter 2, Section 2.3.4, at ambient 
temperatures above 20°C, this internal-external temperature difference could lead to 
hyperthermia in a person exposed to such conditions for over an hour. 
Figures 4.18 and 4.19 show the results of indoor air temperature monitoring inside 
the unventilated SERT, during four consecutive days in winter and four consecutive 
days in summer, respectively. During the winter test, the air temperature inside the 
SERT was only acceptable for a few hours where it was between 18 and 20°C. The 
lowest temperature was -2.5°C which is 20.5K lower than acceptable, and could 
cause hypothermia in vulnerable SERT occupants who are not wearing sufficient 
clothing. During the summer test, the indoor air temperature varied between 11 and 
40°C, meaning that while the SERT was at an acceptable temperature for a brief 
period each day, at night it was 7K too cold or up to 16K too hot during the day. This 
day time heating was likely caused by solar gain, as explored in Section 4.5. An 
internal-external temperature difference of 18K is extreme compared with the 
recommended 5K above ambient, and would be dangerous in countries with much 
higher ambient temperatures than the UK. 
In addition to the overall picture, the moment by moment experience of the SERT 
user does not meet thermal comfort requirements. Due to the magnitude of the 
influence of the external environment on the internal environment of the SERT, in a 
period of one day the mean operative temperature inside the SERT can vary by more 
than 1K, the maximum recommended for thermal comfort. Figure 4.20 shows a 
greater than 2K variation in a sample winter week, whereas Figure 4.21 shows that 
the difference remains within the 1K limit, simply because of a smaller fluctuation in 
mean outdoor air temperature. 
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Figure  4.18: Indoor air temperature measured in the unventilated SERT at 3 heights between 28 February 
2014 and 4 March 2014 
 
Figure  4.19: Indoor air temperature measured in the unventilated SERT at 3 heights between 20 June 2014 
and 24 June 2014 
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Figure  4.20: Day-to-day change in mean indoor operative temperature measured in the unventilated SERT 
at 3 heights between 1 March 2014 and 3 March 2014, compared with mean outdoor air temperature 
 
Figure  4.21: Day-to-day change in mean indoor operative temperature measured in the unventilated SERT 
at 3 heights between 21 June 2014 and 23 June 2014, compared with mean outdoor air temperature 
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Thermal discomfort would be caused in the SERT due to its low thermal mass, which 
causes the temperature to change rapidly. Figures 4.22 and 4.23 show a peak 
operative temperature drift of 4.5K during a test in February and March 2014, and 
6.5K during a test in June 2014, within a 15 minute interval. This is 3.4 and 5.4K too 
great, respectively. 
Figures 4.24 and 4.25 show a peak operative temperature drift of 6.25K in the same 
winter week, and 10.4K in the summer week, within a 30 minute interval. This is 
4.55 and 8.7K too great, respectively. 
During the winter test week, the operative temperature in the unventilated SERT 
varied by 9.4K within one hour, as shown in Figure 4.26. This unacceptable 
operative temperature drift, for an indoor living space, would likely lead to thermal 
discomfort for the SERT inhabitants, as described in the metrics in Chapter 2. The 
peak temperature drift in the summer week was 12.8K within one hour, as shown in 
Figure 4.27, which is 10.6K greater than the maximum change allowed for thermal 
comfort. 
Figures 4.28 and 4.29 show a peak operative temperature drift of 14.8K in the winter 
week, and 13K in the summer week, within a 2 hour interval. This is 12 and 10.2K 
too great, respectively.  
During the winter test week, the operative temperature in the unventilated SERT 
varied by 19K within 4 hours, on more than one occasion, as shown in Figure 4.30. 
This is 15.7K over the maximum change allowed for comfort. Sharp temperature 
drops occur from day to night, contributing to discomfort during sleeping hours for 
the SERT user. Similarly, during the summer test week, the operative temperature 
varied by 18.5K within 4 hours, as shown in Figure 4.31. This unacceptable 
operative temperature drift, for an indoor living space, would likely lead to thermal 
discomfort for the SERT inhabitants, as described in the metrics in Chapter 2.  
For both winter and summer test weeks, the operative temperature drift was 
unacceptable. In general, the temperature drifts in short time periods were more 
significant in the summer week rather than the winter week; whereas the temperature 
drifts over slightly longer periods were more pronounced in the winter week than the 
summer week. This is likely due to presence of solar gain during the summer week 
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which fluctuates rapidly in the UK. In a more stable climate the internal SERT 
environment would in turn have greater stability over 15 or 30 minute intervals, but 
SERT users would still experience thermal discomfort due to other factors outlined 
in this chapter such as an uncomfortable indoor air temperature range. 
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Figure  4.22: Operative temperature drift over 15 minutes, in the unventilated SERT, at 0.6m above the 
ground, between 28 February 2014 and 4 March 2014 
 
Figure  4.23: Operative temperature drift over 15 minutes, in the unventilated SERT, at 0.6m above the 
ground, between 20 June 2014 and 24 June 2014 
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Figure  4.24: Operative temperature drift over 30 minutes, in the unventilated SERT, at 0.6m above the 
ground, between 28 February 2014 and 4 March 2014 
 
Figure  4.25: Operative temperature drift over 30 minutes, in the unventilated SERT, at 0.6m above the 
ground, between 20 June 2014 and 24 June 2014 
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Figure  4.26: Operative temperature drift over 1 hour, in the unventilated SERT, at 0.6m above the ground, 
between 28 February 2014 and 4 March 2014 
 
Figure  4.27: Operative temperature drift over 1 hour, in the unventilated SERT, at 0.6m above the ground, 
between 20 June 2014 and 24 June 2014 
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Figure  4.28: Operative temperature drift over 2 hours, in the unventilated SERT, at 0.6m above the 
ground, between 28 February 2014 and 4 March 2014 
 
Figure  4.29: Operative temperature drift over 2 hours, in the unventilated SERT, at 0.6m above the 
ground, between 20 June 2014 and 24 June 2014 
. 
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Figure  4.30: Operative temperature drift over 4 hours, in the unventilated SERT, at 0.6m above the 
ground, between 28 February 2014 and 4 March 2014 
 
Figure  4.31: Operative temperature drift over 4 hours, in the unventilated SERT, at 0.6m above the 
ground, between 20 June 2014 and 24 June 2014 
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4.4 Assessing	the	expected	level	of	occupant	discomfort	caused	by	
local	environment	conditions	inside	the	SERT;	namely	draughts	
and	vertical	air	temperature	difference	
As well as the thermal comfort and air temperature metrics for a given space, it is 
important to consider the local environmental conditions around a SERT occupant 
which may cause them thermal discomfort. Localised draughts and stratification of 
the air can affect how the occupant feels, in an otherwise comfortable space. The 
metrics used below are outlined in Chapter 2. 
Over all the measurements made in the SERT between February and July 2014, the 
indoor air speed in the SERT ranged from 0 to 0.43m/s, for average outdoor 
airspeeds of 0 to 3m/s, as shown in Figure 4.32. Figures 4.33 and 4.34 compare the 
average and maximum indoor air speed, respectively, with outdoor air speed. The 
indoor air speed tended not to be affected by outdoor air speed, and was higher in the 
window ventilated SERT than the vent ventilated SERT, as expected. Figure 4.35 
shows the impact of the worst-case indoor air speed for the vent and window 
ventilated SERT, on the draught rating (DR) of the SERT. The maximum predicted 
draught rating in the window ventilated SERT was commonly over the 15% 
maximum limit, peaking at 53.5% for the SERT at 20°C and 30.6% for the SERT at 
26°C.  
Figures 4.36 – 4.38 show the average air speeds recorded for each ventilation method, 
at nine points in the tent cross section, in the form of a bubble plot. These averages 
are a useful way to assess the SERT, as airspeed fluctuates from second to second, 
and can vary across a space.  
On average, the vent ventilated SERT experienced internal air speeds too low to 
produce a noticeable draught, as shown in Figure 4.36. From the opposite perspective, 
this indicates that the vents provide poor ventilation and would thus promote poor air 
quality and unbearable temperatures in hot climates. The highest airspeeds were 
recorded 1.1m above ground, and 0.2m above ground, which may indicate an air 
recirculation pattern in the SERT, as the top of the vents are situated at the top of the 
tent, 2.2m above ground.  
All the air speed averages for the window ventilated SERT were under 0.1m/s, as 
shown in Figure 4.37, indicating a poor level of ventilation provided by this method, 
109 
 
with two openings of 1.08m2 sizes. Conversely, this means the draught present at 
lying down height, 0.2m from the ground, is too small to cause discomfort between 
20 and 26°C. Horizontally across the SERT cross-section, the indoor air speed was 
greatest in the centre of the tent, 2m from the back of the SERT.  
The higher average air speeds in the door ventilated SERT would cause an 
unacceptably high draught rating (17% at 20°C) at the centre of the SERT at lying 
down height, as shown in Figure 4.38. The average indoor air speed at this point was 
0.143m/s. When compared with other ventilation methods tested, this air speed 
equates to a 220% increase in air speed per m2 increase of opening size on the vent 
ventilated SERT and a 104% increase in air speed per m2 increase of opening size on 
the window ventilated SERT. The highest average indoor air speeds were recorded at 
the bottom of the tent, 0.2m from the ground, due to the position of the door 
openings from ground level to 1.4m above ground, at each end. 
 
Figure  4.32: Indoor air speed measurements made in the SERT between 10am and 6pm from February to 
July 2014 
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Figure  4.33: Average air speed measurements made in the SERT between 10am and 6pm from April to 
July 2014, comparing two ventilation methods with outdoor air speed 
 
Figure  4.34: Maximum air speed measurements made in the SERT between 10am and 6pm from April to 
July 2014, comparing two ventilation methods with outdoor air speed 
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Figure  4.35: The draught rating in the vent and window ventilated SERT at indoor air temperatures of 
20°C and 26°C, using the maximum air speed measurements made in the SERT between 10am and 6pm 
from April to July 2014 
 
Figure  4.36: A graph showing the average air speed, in m/s, recorded in the vent ventilated SERT in 2014, 
at 9 different points 
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Figure  4.37: A graph showing the average air speed, in m/s, recorded in the window ventilated SERT in 
2014, at 9 different points 
 
Figure  4.38: A graph showing the average air speed, in m/s, recorded in the door ventilated SERT in 2014, 
at 9 different points 
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Figures 4.39 – 4.42 show the vertical air temperature difference between ankle and 
head height, over a range of outdoor air temperatures, for each ventilation method.  
For all the ventilation methods tested, the vertical air temperature differences were 
within or lower than the 2-4K acceptable maximum, equating to a predicted 
percentage of people dissatisfied of fewer than 5.5%, shown in Figure 4.43. The door 
ventilated SERT exhibited the greatest vertical temperature difference of 3.33K at an 
outdoor air temperature of 21°C (Figure 4.42), compared with 2.38K in the window 
ventilated SERT and 2.74K in the vent ventilated SERT, at the same outdoor 
temperature. This could be due to the large door openings in the lower portion of the 
tent, allowing cooler outdoor air to replace indoor air.  
Generally, for all ventilation configurations the air temperature at ankle height (0.2m) 
was lower than that at head height (1.1m), as expected due to warmer air rising above 
cooler air. While this normal air stratification occurs during daytime, in Figures 4.44 
and 4.45, the opposite occurs during the night, when the warmest temperature is at 
the lowest point in the tent. This could be caused by a small but continuous release of 
ground stored heat energy into the thin 180gsm SERT ground sheet, constantly 
heating the layer of air at the bottom of the tent, to a higher temperature than the 
‘warm’ air in the SERT which has risen to the top, being cooled along the way. This 
effect may occur if the ground temperature is significantly higher than the outdoor air 
temperature, such as in cold weather conditions. The implications of this are that 
throughout the day and night, the best place to be in the tent is low down, in order to 
remain as cool and warm as possible, respectively. This is impractical for the tasks 
that the SERT may be used for during the day, such as cooking for example, 
particularly with a stove adding an unwelcome heat source. 
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Figure  4.39: The vertical air temperature difference between ankle and head height in the unventilated 
SERT 
 
Figure  4.40: The vertical air temperature difference between ankle and head height in the vent ventilated 
SERT 
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Figure  4.41: The vertical air temperature difference between ankle and head height in the window 
ventilated SERT 
 
Figure  4.42: The vertical air temperature difference between ankle and head height in the door ventilated 
SERT 
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Figure  4.43: The predicted percentage of people dissatisfied by the vertical air temperature difference 
between ankle and head height in the SERT, over a range of outdoor air temperatures 
 
Figure  4.44: Indoor air temperature measured in the unventilated SERT at 0.2m and 1.1m above ground, 
between 28 February 2014 and 4 March 2014 
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Figure  4.45: Indoor air temperature measured in the unventilated SERT at 0.2m and 1.1m above ground, 
between 20 June 2014 and 24 June 2014 
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4.5 The	effect	of	solar	radiation	on	SERT	indoor	air	temperature	
 
In addition to the observations made in Sections 4.2 to 4.4, the effect of solar 
radiation on SERT indoor air temperature was significant and relevant for providing 
a baseline from which to improve the SERT’s thermal environment.  
For the unventilated SERT tests there is a strong linear correlation between the solar 
radiation falling on the SERT and the indoor air temperature, as shown in Figure 
4.46. This correlation is closer than the correlation between indoor air temperature 
and outdoor air temperature. This implies that the translucency of the SERT material 
is such that it allows solar gain through the fabric, which could be improved upon 
with a shading device. On average, for each increase in solar radiation of 0.05kW/m2, 
there is a 0.8K increase in indoor air temperature. 
Similarly, in the vent ventilated SERT, the indoor air temperature increases by 1.2K 
per 0.05 kW/m2 of solar radiation, as shown in Figure 4.47. Ideally, the indoor air 
temperature in the SERT would remain constant with fluctuations in solar radiation, 
but due to its translucent fabric and low thermal mass, the SERT is unable to achieve 
this effect.  
In the window ventilated SERT, the indoor air temperature increases by 0.6K per 
0.05 kW/m2 of solar radiation, as shown in Figure 4.48. When compared with the 
vent ventilated SERT, this smaller air temperature increase indicates that the larger 
window openings enable more of the cooler external air to balance out the effect of 
solar gain on the SERT’s air temperature. However, 0.6K per 0.05 kW/m2 of solar 
radiation is not the zero air temperature change that would be ideal. 
Using the doors for ventilation reduced the indoor air temperature rise to an average 
of 0.4K per 0.05kW/m2 of solar radiation, as shown in Figure 4.49. This is the closest 
to zero change as any of the ventilation methods could achieve. The greater spread of 
results for the door ventilated SERT is due to the large opening size which provides 
greater airflow through the tent. 
The clear effect of solar gain on indoor air temperature in the SERT is summarised 
clearly in Figure 4.50, where the indoor air temperature has been normalised against 
the outdoor air temperature. 
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It would not be possible to completely eradicate the influence of solar radiation on 
the SERT, without employing mechanical air conditioning, but the SERT fabric 
should be improved so as to reduce the effects of solar gain on indoor air temperature 
to as close to zero as possible, thus improving SERT users’ thermal comfort. 
 
Figure  4.46: The effect of solar radiation on indoor and outdoor air temperature for the unventilated 
SERT 
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Figure  4.47: The effect of solar radiation on indoor and outdoor air temperature for the vent ventilated 
SERT 
 
Figure  4.48: The effect of solar radiation on indoor and outdoor air temperature for the window ventilated 
SERT 
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Figure  4.49: The effect of solar radiation on indoor and outdoor air temperature for the door ventilated 
SERT 
 
Figure  4.50: Internal-external temperature difference in the SERT, measured in the SERT at 0.6m above 
ground, vs solar radiation, for all four ventilation methods tested 
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4.6 Chapter	summary	
This chapter has characterised the thermal environment inside a SERT in known 
climatic conditions, by comparing its performance under physical testing in a UK 
climate against the thermal comfort metrics described in Chapter 2. Analysis of these 
results revealed that SERT users are predicted to not experience thermal comfort in 
all seasons in the real climate tested, the worst conditions being during the winter 
months. The air temperature within the SERT tended to be uncomfortable, unstable, 
and affected by external conditions, particularly solar gain. This is due to the low 
thermal mass of the SERT material and its translucent properties. At times the indoor 
temperature reached levels that could become dangerous to human life, with the 
potential to cause hypo- or hyperthermia after prolonged exposure, when the 
internal-external temperature difference was so great. Even if other comfort criteria 
were met, the local draughts around a human occupant could be enough to cause 
thermal discomfort, when the ventilation method used large openings. This being 
said, none of the ventilation openings could adequately counteract the effect of solar 
gain to reduce the indoor temperature to a comfortable level.  
This characterisation suggests that there are many reasons why the SERT may be 
unsuitable for occupation by SERT users. In Chapters 5 and 6 the thermal and CFD 
models of the SERT, validated by the physical data, were used to find out how the 
SERT would perform in extreme climates, to act as a benchmark for improvements 
to the SERT design.  
The inadequate ventilation and translucent tent material contribute to extremely high 
temperatures inside the SERT. The SERT should be better shaded and ventilation 
improved, to reduce this effect. The low thermal mass of the SERT material 
contributes to poor insulation and protection against solar gain. This should be 
improved to create a more stable and comfortable environment in the SERT in all 
climates. These improvements are explored in Chapter 6. 
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Chapter	5	
Dynamic	thermal	modelling	of	the	
SERT	in	three	climates	to	predict	
its	habitability	
5.1 Introduction	
This chapter provides an analysis of the predicted performance of a SERT in 
temperate, hot, and cold climatic conditions, by comparing results of dynamic 
thermal simulations against the thermal comfort and safety metrics described in 
Chapter 2. For each climate, the thermal models assumed four occupants inside the 
SERT living space, and were simulated over winter and summer design weeks, with 
hourly weather data. These weeks provided the most extreme outdoor temperature 
conditions within a year, in order to assess the worst case scenario for SERT 
occupants in each climate. The occupants’ activity level used for all simulations was 
1.1 met, and the clothing levels of the occupants are given in Table 5.1. 
Environmental parameters from these simulations were then used as boundary 
conditions for the CFD models, as described in Chapter 3. Simulation results were 
analysed under three headings: thermal comfort in the SERT, indoor air temperature, 
and operative temperature, to assess the comfort and habitability of the thermal 
environment inside the SERT living space. This assessment provided a baseline from 
which improvements to the SERT design and materials were made, as detailed in 
Chapter 6. 
Chapter 5 addressed Objective 2 “Ascertain whether a SERT delivers appropriate 
thermal comfort required by its occupants in a range of different climates”, given in 
Chapter 1, Section 1.4. 
Table  5.1: The occupant clothing levels used to calculate PMV and PPD for each dynamic thermal 
simulation 
 Temperate Climate Hot Climate Cold Climate
Winter Design Week 1.5 clo 0.7 clo 1.5 clo 
Summer Design Week 0.7 clo 0.7 clo 1.5 clo 
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5.2 Assessing	the	SERT’s	performance	in	a	temperate	climate	
5.2.1 The	coldest	week	in	a	temperate	climate	
During the coldest week of the year in a temperate climate, in the SERT with no 
ventilation, and with vent, window, or door ventilation, respectively, the PMV in its 
main living space was frequently at the lowest level on the PMV chart, of -3, 
representing ‘cold’. The vent ventilated SERT proved least uncomfortable, as shown 
in Figure 5.1. This SERT configuration affords minimal airflow and maximum 
protection from cold draughts, which promotes comfort in cold conditions. However, 
even this configuration could not achieve an acceptable PMV rating, between ±0.7. 
This model indicates that in the coldest conditions found in a temperate climate, the 
SERT would not deliver appropriate thermal comfort required by its occupants. 
The PPD varied significantly, between 22% and 100%, during the coldest week of 
the year, as shown in Figure 5.2. For more than 50% of the week, the PPD was 100%, 
which equates to unacceptable living conditions, as the maximum acceptable PPD is 
15%. 
Since the operative temperature acceptability limits for naturally conditioned spaces 
can only be applied for mean monthly outdoor air temperatures between 10°C and 
33.5°C, there are no limits shown in Figure 5.3, as the mean monthly outdoor air 
temperature was below 10°C during the month in which the winter design week falls. 
During the daylight hours on two days of the week, the vent ventilated SERT could 
maintain an indoor air temperature within the acceptable range, as shown in Figure 
5.4. However, the maximum fluctuation in temperature is 20K from day to night. In 
the SERT with no ventilation, and with vent, window, or door ventilation, 
respectively, the indoor air temperature in the SERT’s main living space was 
between 0 and 5°C for 50% of the week, during hours of darkness. This is 13 to 18K 
lower than the minimum comfortable temperature. These temperatures are survivable 
by humans, as long as they are wearing enough clothing. Unfortunately, in an 
emergency or other situation where resources are limited, it is unlikely that the SERT 
occupant could acquire sufficient layers of clothing to be able to survive at night.  
 
125 
 
 
Figure  5.1: The PMV inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Nottingham, UK 
 
Figure  5.2: The PPD inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Nottingham, UK 
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Figure  5.3 The operative temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Nottingham, UK 
 
Figure  5.4: The air temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Nottingham, UK 
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5.2.2 The	hottest	week	in	a	temperate	climate	
During 50% of the warmest week of the year in a temperate climate, in the SERT 
with no ventilation, and with vent, window, or door ventilation, respectively, the 
PMV in its main living space was either at the lowest level on the PMV chart, of -3, 
representing ‘cold’, or at the highest level of +3, representing hot, as shown in Figure 
5.5. For a few hours each morning and evening the SERT environment was at an 
acceptable thermal comfort level, between ±0.7. The clothing level used for this 
simulation was a low level of 0.7clo, so the SERT user may be able to improve their 
thermal comfort during the coldest night-time hours by adding more clothing. 
However they would not be able to remove any clothing to promote thermal comfort 
during warmer daytime hours. This model indicates that in the warmest conditions 
found in a temperate climate, the SERT can deliver appropriate thermal comfort 
required by its occupants, during some hours of the day. 
When the tent environment was between acceptable and cold (PMV between +0.7 
and -3), the SERT behaved in the same way for each of the four ventilation 
configurations. However, when the SERT was between acceptable and hot (PMV 
between +0.7 and +3), the vent ventilated SERT was the most uncomfortable, and 
the door ventilated SERT the least uncomfortable. The larger door opening allows 
for greater airflow which would be welcome in warm external conditions.  
The PPD varied significantly, between 5% and 100%, during the hottest week of the 
year, as shown in Figure 5.6. Some of these ratings are below the recommended 
maximum PPD of 15%. For more than 50% of the week, the PPD was 100%, which 
equates to unacceptable living conditions. 
The mean monthly outdoor air temperature during the summer design week was 
16.4°C to one decimal place. Figure 5.7 indicates that the operative temperature was 
within the acceptability limit for naturally conditioned spaces, where the mean 
monthly outdoor air temperature is 16.4°C, for a few hours each morning and 
evening. 
The SERT with no ventilation, and with vent, window, or door ventilation, 
respectively, could maintain a comfortable temperature for a few hours in the 
morning and evening, as shown in Figure 5.8. However, there was a maximum 
fluctuation in temperature of 30K, and for the majority of each day the indoor air 
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temperature would be uncomfortably hot (over 24°C) or cold (under 18°C). The 
temperature in the SERT living space varies between 10 and 43°C. These 
temperatures are survivable by humans as long as they are wearing the correct level 
of clothing, which is particularly important for vulnerable individuals who may cope 
less well with extremes of temperature. This may be difficult to deal with if the 
variety of clothing available is limited. Culturally, it may not be acceptable to reduce 
the amount of clothing worn to a level suitable for coping with temperatures above 
40°C. For indoor air temperatures over 25°C, the size of ventilation opening in the 
SERT impacts the indoor air temperature; the larger the opening size, the lower the 
temperature. 
 
Figure  5.5: The PMV inside the SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Nottingham, UK 
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Figure  5.6: The PPD inside the SERT during the summer design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Nottingham, UK 
 
Figure  5.7: The operative temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Nottingham, UK 
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Figure  5.8: The air temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Nottingham, UK 
 
5.3 Assessing	the	SERT’s	performance	in	a	hot	climate	
5.3.1 The	coolest	week	in	a	hot	climate	
During 60% of the coldest week of the year in a hot climate, in the SERT with vent, 
window, or door ventilation, respectively, the PMV in its main living space was 
either at the lowest level on the PMV chart, of -3, representing ‘cold’, or at the 
highest level of +3, representing hot, as shown in Figure 5.9. For a few hours each 
morning and evening the SERT environment was at an acceptable thermal comfort 
level, between ±0.7. The clothing level used for this simulation was a low level of 
0.7clo, so the SERT user may be able to improve their thermal comfort during the 
coldest night-time hours by adding more clothing. However they would not be able 
to remove any clothing to promote thermal comfort during warmer daytime hours. 
This model indicates that in the coldest conditions found in a hot climate, the SERT 
can deliver appropriate thermal comfort required by its occupants, during some hours 
of the day. 
The door ventilated SERT consistently predicted a lower PMV than the window or 
vent ventilated SERTs; in warm conditions this larger opening size proved 
advantageous, but disadvantageous in colder conditions. The SERT user’s best 
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strategy would be to use vent ventilation during the colder night hours and door 
ventilation during the warmer daytime hours, during a cool week. None of the 
ventilation strategies can provide comfort for all parts of the day. 
The PPD varied significantly, between 5% and 100%, during the coldest week of the 
year, as shown in Figure 5.10. Some of these ratings are below the recommended 
maximum PPD of 15%. For more than 50% of the week, the PPD was 100%, which 
equates to unacceptable living conditions. 
The mean monthly outdoor air temperature during the winter design week was 
14.7°C to one decimal place. Figure 5.11 indicates that the operative temperature was 
within the acceptability limit for naturally conditioned spaces, where the mean 
monthly outdoor air temperature is 14.7°C, for a few hours each morning and 
evening. 
The SERT could maintain a comfortable temperature for a few hours in the morning 
and evening, as shown in Figure 5.12. However, the SERT saw a maximum 
fluctuation in temperature of 33K, and for the majority of each day the indoor air 
temperature would be uncomfortably hot (over 24°C) or cold (under 18°C). The 
fluctuation was slightly lower in the door ventilated SERT, at 30K. The temperature 
in the SERT living space varies between 10 and 45°C. These temperatures are 
survivable by humans as long as they are wearing the correct level of clothing, but 
culturally, it may not be acceptable to reduce the amount of clothing worn to a level 
suitable for coping with temperatures above 40°C. High temperatures may also be 
difficult to deal with if the variety of clothing available is limited. For indoor air 
temperatures over 32°C, the size of opening in the SERT impacts the indoor air 
temperature; the larger the opening size, the lower the air temperature. 
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Figure  5.9: The PMV inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Kharga, Egypt 
 
Figure  5.10: The PPD inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Kharga, Egypt 
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Figure  5.11: The operative temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Kharga, Egypt 
 
Figure  5.12: The air temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Kharga, Egypt 
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5.3.2 The	warmest	week	in	a	hot	climate	
During the hottest week of the year in a hot climate, in the SERT with vent, window, 
or door ventilation, respectively, the PMV in its main living space was consistently at 
the highest level of +3, representing hot on the PMV chart, as shown in Figure 5.13. 
The SERT environment never achieved an acceptable PMV rating between ±0.7. 
Since the clothing level for this simulation was at the minimum level of 0.7clo, the 
SERT users would not be able to remove any clothing to promote thermal comfort. 
This model indicates that during the hottest conditions found in a hot climate, the 
SERT cannot deliver appropriate thermal comfort required by its occupants at any 
time of day. 
The door ventilated SERT gave the lowest PMV, however, no ventilation strategy 
available to the SERT user could bring the thermal environment of the SERT down 
to a comfortable level.  
The PPD varied between 57% and 100%, during the hottest week of the year, as 
shown in Figure 5.14. For more than 50% of the week the PPD was 100%, 85% over 
the acceptable PPD limit. 
The mean monthly outdoor air temperature during the summer design week was 
32.9°C, to one decimal place. Figure 5.15 indicates that the operative temperature 
was only within the 80% acceptability level for this mean monthly outdoor air 
temperature, for a few hours during the week. During the remainder of the week, the 
operative temperature reached up to 50K higher than the upper limit for naturally 
conditioned spaces, which would lead to extremely unconformable living conditions. 
The air temperature in the SERT living space varies between 30 and 82°C, as shown 
in Figure 5.16. This is 6 to 58K higher than the maximum comfortable temperature. 
Temperatures above 60°C are not survivable by humans for more than 10 minutes, as 
shown in Figure 2.2 in Chapter 2, Section 2.3.4. The SERT users would have to 
constantly be outside in these extremes of temperature, in order to survive. 
 
135 
 
 
Figure  5.13: The PMV inside the SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Kharga, Egypt 
 
Figure  5.14: The PPD inside the SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 0.7clo and met rate of 1.1met in 
Kharga, Egypt 
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Figure  5.15: The operative temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Kharga, Egypt 
 
Figure  5.16: The air temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Kharga, Egypt 
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5.4 Assessing	the	SERT’s	performance	in	a	cold	climate	
5.4.1 The	coldest	week	in	a	cold	climate	
During 75% of the coldest week of the year in a cold climate, in the SERT with no 
ventilation, and with vent ventilation, the PMV in its main living space was at the 
lowest level on the PMV chart, of -3, representing ‘cold’, as shown in Figure 5.17. 
The PMV was between acceptable levels of ±0.7 for around 10% of the week. The 
use of natural ventilation made little difference to the PMV. As the clothing level 
used for this simulation was a high level of 1.5clo, the SERT user could not add 
clothing to improve their thermal comfort and would need sleeping bags and blankets. 
This model indicates that in the coldest conditions found in a cold climate, the SERT 
would only deliver appropriate thermal comfort required by its occupants for a very 
short time each day. 
The PPD varied between 5% and 100%, during the coldest week of the year, as 
shown in Figure 5.18. Some of these ratings are below the recommended maximum 
PPD of 15%. For more than 50% of the week, the PPD was 100%, which equates to 
unacceptable living conditions. 
Since the operative temperature acceptability limits for naturally conditioned spaces 
can only be applied for mean monthly outdoor air temperatures between 10°C and 
33.5°C, there are no limits shown in Figure 5.19, as the mean monthly outdoor air 
temperature was below 10°C during the month in which the winter design week falls. 
During daylight hours, the SERT could maintain an indoor air temperature within the 
acceptable range, as shown in Figure 5.20. However, the maximum fluctuation in 
temperature in one day is 35K. The indoor air temperature in the SERT’s main living 
space was between 0 and -12°C for over 50% of the week. This is 18 to 30K lower 
than the minimum comfortable temperature. These temperatures are survivable by 
most humans, as long as they are wearing enough clothing and are not vulnerable, for 
example; very young or elderly. Unfortunately, in an emergency or other situation 
where resources are limited, it is unlikely that the SERT occupant could acquire 
sufficient layers of clothing to be able to survive these temperatures.  
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Figure  5.17: The PMV inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Pagri, Tibet 
 
Figure  5.18: The PPD inside the SERT during the winter design week, simulated in DesignBuilder with an 
occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Pagri, Tibet 
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Figure  5.19: The operative temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Pagri, Tibet 
 
Figure  5.20: The air temperature inside the SERT during the winter design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Pagri, Tibet 
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5.4.2 The	warmest	week	in	a	cold	climate	
During the warmest week of the year in a cold climate, in the SERT with no 
ventilation and with vent ventilation, the lowest PMV in its main living space was -
2.5 (between ‘cool’ and ‘cold’), and the highest was +3, representing hot, as shown 
in Figure 5.21. For a few hours each morning and evening, the SERT environment 
was at an acceptable thermal comfort level, between ±0.7. For all PMV scores, the 
SERT being ventilated or unventilated made little difference.  
This model indicates that in the warmest conditions found in a cold climate, the 
SERT can deliver appropriate thermal comfort required by its occupants, during 
some hours of the day. This could be improved further by adjusting clothing levels 
and increasing ventilation as required. The clothing level used for this simulation was 
a high level of 1.5clo, so the SERT user may be able to improve their thermal 
comfort during the warmest daytime hours by removing clothing layers, as well as 
improving natural ventilation by opening windows and doors. However they would 
not be able to add any clothing to promote thermal comfort during colder night-time 
hours, so they would need sleeping bags and blankets for this. 
The PPD varied between 5% and 100%, during the hottest week of the year, as 
shown in Figure 5.22. Some of these ratings are below the recommended maximum 
PPD of 15%. For more than 50% of the week, the PPD was over 80%, which equates 
to unacceptable living conditions. 
Since the operative temperature acceptability limits for naturally conditioned spaces 
can only be applied for mean monthly outdoor air temperatures between 10°C and 
33.5°C, there are no limits shown in Figure 5.23, as the mean monthly outdoor air 
temperature was below 10°C during the month in which the summer design week 
falls. 
In the unventilated and vent-ventilated SERT the indoor air temperature in the 
SERT’s main living space was within the comfortable range for a few hours in the 
morning and evening, as shown in Figure 5.24. However, the maximum fluctuation 
in temperature was 30K from day to night, and for the majority of each day the 
indoor air temperature would be uncomfortably hot (over 24°C) or cold (under 18°C). 
The indoor air temperature ranged from 12°C to 42°C. These temperatures are 
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survivable by humans as long as they are wearing suitable clothing, which may be 
difficult if the variety of clothing available is limited. 
 
Figure  5.21: The PMV inside the SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Pagri, Tibet 
 
Figure  5.22: The PPD inside the SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 1.5clo and met rate of 1.1met in 
Pagri, Tibet 
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Figure  5.23: The operative temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Pagri, Tibet 
 
Figure  5.24: The air temperature inside the SERT during the summer design week, simulated in 
DesignBuilder with an occupancy density of 0.25 people per square metre in Pagri, Tibet 
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5.5 Chapter	summary	
This chapter has provided an analysis of the predicted performance of a SERT in 
temperate, hot and cold climatic conditions, by comparing the results of dynamic 
thermal simulations against the thermal comfort and safety metrics described in 
Chapter 3. The analysis indicates that in the SERT with four occupants, in climates 
representative of areas where disasters have happened, significant thermal discomfort 
would be experienced for all or part of the year. 
The temperate climate simulations demonstrated that even if the SERT users varied 
their clothing level as appropriate to the season, they would still be unable to achieve 
year-round thermal comfort. The coldest week of the year lead to a predicted 
consistently unacceptable thermal comfort level in the SERT, and the hottest week of 
the year predicted thermal discomfort for 50% of the week, during daylight hours. 
Predictions made for both the hottest and coldest weeks raised concerns for 
vulnerable SERT occupants, whose health could be adversely affected if exposed to 
the more extreme temperatures for extended periods, without access to appropriate 
clothing. This being said, for the part of the year between the two extremes, the truly 
‘temperate’ conditions could lead to SERT occupants experiencing an acceptable 
level of thermal comfort. However, since SERTs are used for at least a whole year in 
many reported cases, providing thermal comfort during only a portion of the year is 
not enough. 
The Egyptian climate, representative of many areas where SERTs are used, gave 
cause for concern based on thermal comfort predictions for its hottest week of the 
year, where the PMV rating was consistently at the maximum ‘hot’ rating, and the 
indoor air temperature reached dangerous levels which would not be survivable by 
humans for more than ten minutes. In these conditions, the SERT occupants would 
be safer outside of their tent. Even during the coolest week of the year, the SERT’s 
indoor air temperature was predicted to be uncomfortably hot during much of the 
daytime, and then unacceptably cold at night. The occupants would be able to add 
more clothing to improve the cold nights, as the SERT tests for Egypt were 
conducted for occupants wearing a relatively low clothing level. 
The Tibetan climate, representative of cold conditions in areas such as Nepal which 
was the site of a recent earthquake, revealed the extent of the unacceptable 
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conditions that could be experienced in the SERT. During the coldest week of the 
year, the temperatures were significantly below a comfortable level, and could lead 
to health issues for vulnerable individuals, particularly if they are not suitably clothed. 
Even during the warmest week of the year, the SERT’s indoor air temperature was 
predicted to be uncomfortably cold during much of the night time, and then 
unacceptably warm during the day. The occupants would be able to remove layers of 
clothing to cool down during the day, as the SERT simulations for Tibet were 
conducted for occupants wearing a high clothing level. 
Dynamic thermal modelling in three climates reveals that the SERT is not able to 
provide an acceptable level of thermal comfort in a temperate, hot or cold climate, 
for all of part of the year, as summarised in Table 5.2. A hot climate area such as 
Egypt seems to be the place in which the SERT occupants could suffer the worst 
effects on their health, and have the fewest options to make adaptations to their living 
situation in order to remedy this. In Chapter 7, the dynamic thermal modelling of the 
SERT was used as a benchmark for improvements to the SERT design. 
Table  5.2: A visual summary of the potential suitability of the SERT in cold, temperate and hot climates, 
based on the results in Chapter 5. 
 Temperate Climate Hot Climate Cold Climate 
Hottest Week X X √ 
Coldest Week X X X 
Mid-range Week √ X X 
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Chapter	6	
CFD	 modelling	 of	 the	 SERT	 in	
climates	 representative	 of	 real	
case	studies	
6.1 Introduction	
This chapter demonstrates real case study applications of the CFD model developed 
as per the methodology described in Chapter 3, Section 3.5.  
This chapter provides an analysis of the predicted performance of a SERT in two 
scenarios: 
a) The worst case conditions at the hottest hour of the year in a hot climate, 
namely Kharga in Egypt, whose climate is representative of Chad and Sudan 
where humanitarian tents have often been deployed, as discussed in Chapter 3, 
Section 3.4.5.  
b) Environmental conditions leading to the PMV, indoor air and operative 
temperature predicted to be on a borderline between acceptable and 
unacceptable, identified through dynamic thermal modelling in a UK 
temperate climate, representative of Italy where humanitarian tents were 
deployed in the wake of a recent earthquake, as discussed in Chapter 3, 
Section 3.4.5. 
The boundary conditions for the CFD simulations were taken from dynamic thermal 
simulation in each relevant climate, as described in Chapter 3, Section 3.4.5. The 
SERT’s natural ventilation was via two windows, one on each side of the SERT, the 
precise location of which is described in Chapter 3, Section 3.5.3. Steady-state CFD 
simulation results for the SERT living space were compared against the thermal 
comfort and safety metrics described in Chapter 2, Section 2.3.3, in order to assess 
the predicted thermal comfort for SERT occupants in real case studies. This 
assessment enabled the prediction of the response of a SERT occupant to a range of 
local environmental conditions, discernment of which area(s) of the SERT’s internal 
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environment are the most/least comfortable, and the effect of airflow in the tent. The 
variables monitored were PMV, PPD, indoor air speed and indoor air temperature. 
To predict the PMV, the potential occupants’ activity level used was 1.1 met, and 
their clothing level was set as 0.7clo. The model assumed zero occupancy to create a 
base case for future work which could include the addition of cooking equipment and 
human occupants. This model provides detailed information which can inform 
improvements to the SERT’s design. 
Chapter 6 addressed part of Objective 2 “Ascertain whether a SERT delivers 
appropriate thermal comfort required by its occupants in a range of different 
climates”, given in Chapter 1, Section 1.4. 
6.2 Hot	climate	case	study	
6.2.1 PMV	
The PMV in the SERT’s internal space was 3. This PMV rating corresponds to 
occupants feeling “hot”, as described in the ASHRAE scale given in Chapter 2, 
Section 2.3.3. This is an unacceptable thermal environment for SERT users who 
would feel extremely uncomfortable. The PMV does not vary within the living space, 
which implies that SERT users would be equally uncomfortable on one side of the 
tent or the other.  
6.2.2 PPD	
The PPD in the SERT’s internal space was at the maximum value of over 99%, and 
therefore above the recommended maximum PPD of 15%. As PPD ratings are based 
on the PMV, the PPD in the space does not vary therefore the SERT environment is 
unacceptable throughout.  
6.2.3 Indoor	air	temperature	
The air temperature in the SERT’s internal space was between 39 and 43°C, as 
shown in Figures 6.1 and 6.3, cross sections of the centre of the tent space, viewed 
from the front and side, respectively. Figures 6.2 and 6.4 give the exact indoor air 
temperatures at nine points in the cross-sections of Figures 6.1 and 6.3, respectively. 
These temperatures are unacceptably hot, 15 to 19K hotter than the maximum 
acceptable indoor air temperature. However, humans can survive at these 
temperatures as long as they are suitably clothed, which could be an issue if the 
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variety of clothing available to the SERT user is limited, or if cultural factors prevent 
clothing levels to be reduced sufficiently to promote comfort. Figures 6.2 and 6.4 
show that there is less than 2K difference in temperature over the cross section of the 
SERT in each direction, meaning that even if the SERT user were to move around 
different locations inside the SERT, they may not be able to find comfort. A positive 
aspect of the SERT’s design is shown in Figures 6.1 and 6.3, where the warmer air 
stays in the outer layer of the SERT and can be moved along by the air flowing 
between the inner and outer SERT. 
 
Figure  6.1: The indoor air temperature inside the SERT, predicted using local environmental data from 
Kharga, Egypt at 18:00 on 1 August 2002, viewed from the front 
 
Figure  6.2: The indoor air temperature (°C) inside the SERT, predicted using local environmental data 
from Kharga, Egypt at 18:00 on 1 August 2002, viewed from the front 
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Figure  6.3: The indoor air temperature inside the SERT, predicted using local environmental data from 
Kharga, Egypt at 18:00 on 1 August 2002, viewed from the side 
 
Figure  6.4: The indoor air temperature (°C) inside the SERT, predicted using local environmental data 
from Kharga, Egypt at 18:00 on 1 August 2002, viewed from the side 
 
6.2.4 Indoor	air	speed	
The air speed in the SERT’s internal space was between 0 and 0.1m/s, as shown in 
Figures 6.5 and 6.7, cross sections of the centre of the tent space, viewed from the 
front and side, respectively. Figures 6.6 and 6.8 give the exact indoor air speeds at 
nine points in the cross-sections of Figures 6.5 and 6.7, respectively. These air speeds 
are too low to register a percentage of people predicted to be dissatisfied by draughts 
(draught rating, as explained in Chapter 2 Section 2.3.3.). This is despite a turbulence 
intensity of around 60%, as shown in Figure 6.9. In Figures 6.5 and 6.7, the air 
flowing in the space between the inner and outer tent layers can be seen, which is 
useful in enabling some of the warmer air to be removed from the vicinity of the 
inner tent.  
As expected, the air flows in and out of the windows on either side of the SERT, as 
shown in Figure 6.5. However, this ventilation method is inadequate for 
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counteracting the effect of solar gain on the tent; that is, reducing the indoor air 
temperature to between 18 and 24°C, as required for a comfortable environment (see 
Chapter 2, Section 2.3.3). Additionally, when the outdoor air is around 40°C, 
allowing it inside would not be beneficial for the SERT users. This lack of significant 
airflow in the tent, would produce discomfort for the SERT users relating to feeling 
too hot, as well as leading to issues such as poor indoor air quality due to the 
stagnant air not being refreshed. Both of these outcomes could be detrimental for the 
SERT users’ health, which raises serious concerns. 
 
Figure  6.5: The indoor air speed inside the SERT, predicted using local environmental data from Kharga, 
Egypt at 18:00 on 1 August 2002, viewed from the front 
 
Figure  6.6: The indoor air speed (m/s) inside the SERT, predicted using local environmental data from 
Kharga, Egypt at 18:00 on 1 August 2002, viewed from the front 
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Figure  6.7: The indoor air speed inside the SERT, predicted using local environmental data from Kharga, 
Egypt at 18:00 on 1 August 2002, viewed from the side 
 
Figure  6.8: The indoor air speed (m/s) inside the SERT, predicted using local environmental data from 
Kharga, Egypt at 18:00 on 1 August 2002, viewed from the side 
 
Figure  6.9: The turbulence intensity (%) inside the SERT, predicted using local environmental data from 
Kharga, Egypt at 18:00 on 1 August 2002, viewed from the side 
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6.3 Temperate	climate	case	study	
6.3.1 PMV	
The PMV in the SERT’s internal space varied between +1.9 and -3, as shown in 
Figures 6.10 and 6.12, cross sections of the centre of the tent space, viewed from the 
front and side, respectively. Figures 6.11 and 6.13 give the exact PMV at nine points 
in the cross-sections of Figures 6.10 and 6.12, respectively. These PMV ratings 
correspond to occupants feeling “warm” or “cold”, respectively, as described in the 
ASHRAE scale given in Chapter 2, Section 2.3.3. The PMV range predicted shows 
how a combination of CFD and dynamic thermal modelling can work well to give a 
more complete picture of the thermal environment in the SERT. While the thermal 
model might assume that the air in the space is well mixed and thus predict a neutral 
PMV throughout the living space, as in this example, in fact air stratification leads to 
an unsatisfactorily cold PMV rating in the space between lying down (0.2m) and 
standing (1.1m) heights, as shown in Figures 6.11 and 6.13. This is an unacceptable 
thermal environment for SERT users who would feel uncomfortable. The acceptable 
PMV level is higher up at 1.5-1.8m above the ground. The PMV does not vary 
significantly, along the width or length of the space, which implies that SERT users 
would be equally uncomfortable on one side of the tent or the other.  
 
Figure  6.10: The PMV inside the SERT, predicted using local environmental data from Loughborough, 
UK at 07:30 on 6 July 2002, viewed from the front 
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Figure  6.11: The PMV inside the SERT, predicted using local environmental data from Loughborough, 
UK at 07:30 on 6 July 2002, viewed from the front 
 
Figure  6.12: The PMV inside the SERT, predicted using local environmental data from Loughborough, 
UK at 07:30 on 6 July 2002, viewed from the side 
 
Figure  6.13: The PMV inside the SERT, predicted using local environmental data from Loughborough, 
UK at 07:30 on 6 July 2002, viewed from the side 
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6.3.2 PPD	
The PPD in the SERT’s internal space varied between 5% and 100%, as shown in 
Figures 6.14 and 6.16, cross sections of the centre of the tent space, viewed from the 
front and side, respectively. Figures 6.15 and 6.17 give the exact PPD at nine points 
in the cross-sections of Figures 6.14 and 6.16, respectively. The PPD in the space 
between lying down (0.2m) and standing (1.1m) heights, was between 40% and 80%, 
and therefore above the recommended maximum PPD of 15%. As PPD ratings are 
based on the PMV, the PPD also implies that SERT users would be equally 
uncomfortable on one side of the tent or the other. 
 
Figure  6.14: The PPD inside the SERT, predicted using local environmental data from Loughborough, UK 
at 07:30 on 6 July 2002, viewed from the front 
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Figure  6.15: The PPD inside the SERT, predicted using local environmental data from Loughborough, UK 
at 07:30 on 6 July 2002, viewed from the front 
 
Figure  6.16: The PPD inside the SERT, predicted using local environmental data from Loughborough, UK 
at 07:30 on 6 July 2002, viewed from the side 
 
Figure  6.17: The PPD inside the SERT, predicted using local environmental data from Loughborough, UK 
at 07:30 on 6 July 2002, viewed from the side 
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6.3.3 Indoor	air	temperature	
The air temperature in the SERT’s internal space was between 14 and 30°C, as 
shown in Figures 6.18 and 6.20, cross sections of the centre of the tent space, viewed 
from the front and side, respectively. Figures 6.19 and 6.21 give the exact indoor air 
temperatures at nine points in the cross-sections of Figures 6.18 and 6.20, 
respectively. Between 1.5m and 1.7m above the ground, the air temperature is within 
the acceptable indoor air temperature range of 18 to 24°C, however between lying 
down and standing heights the indoor air temperature is unacceptably low at 14 to 
18°C. This subtlety is not picked up by the thermal model which assumes well mixed 
air. Humans can survive at these temperatures as long as they are suitably clothed. 
There is less than 3K difference in temperature over the cross section of the SERT in 
each direction, as shown in Figures 6.19 and 6.21, meaning that even if the SERT 
user were to move around different locations inside the SERT, they may not be able 
to find comfort.  
 
Figure  6.18: The indoor air temperature inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the front 
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Figure  6.19: The indoor air temperature (°C) inside the SERT, predicted using local environmental data 
from Loughborough, UK at 07:30 on 6 July 2002, viewed from the front 
 
Figure  6.20: The indoor air temperature (°C) inside the SERT, predicted using local environmental data 
from Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
 
Figure  6.21: The indoor air temperature (°C) inside the SERT, predicted using local environmental data 
from Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
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6.3.4 Indoor	air	speed	
The air speed in the SERT’s internal space was between 0 and 0.3m/s, as shown in 
Figures 6.22 and 6.24, cross sections of the centre of the tent space, viewed from the 
front and side, respectively. As expected, the air visibly flows in and out of the 
windows on either side of the SERT, as shown in Figure 6.22. Figures 6.23 and 6.25 
give the exact indoor air speeds at nine points in the cross-sections of Figures 6.22 
and 6.24, respectively. These air speeds are high enough to register a percentage of 
people predicted to be dissatisfied by draughts (draught rating, as explained in 
Chapter 2 Section 2.3.3.) of over 15%, as shown in Figure 6.26. This could be 
worsened by a turbulence intensity of around 60%, as shown in Figure 6.27.  
 
Figure  6.22: The indoor air speed inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the front 
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Figure  6.23: The indoor air speed inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the front 
 
Figure  6.24: The indoor air speed inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
 
Figure  6.25: The indoor air speed inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
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Figure  6.26: The draught rating (%) inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
 
 
Figure  6.27: The turbulence intensity (%) inside the SERT, predicted using local environmental data from 
Loughborough, UK at 07:30 on 6 July 2002, viewed from the side 
6.4 Chapter	Summary	
This chapter has demonstrated real case study applications of the CFD SERT model 
developed by the author. The predicted thermal comfort performance of a window-
ventilated SERT in the worst case conditions of a hot climate, and in borderline-
acceptable thermal environmental conditions of a temperate climate, has been 
analysed. 
Reinforcing what was learned in Chapter 5, Chapter 6 indicates that thermal comfort 
is not achievable in the SERT in a hot climate case study, during the hottest part of 
the year. The local environmental conditions would have a negative impact on the 
thermal comfort response of a SERT user, particularly the effect of solar gain and the 
infiltration of warm outdoor air into the SERT’s living space. The air temperature is 
not uniform across the internal space of the SERT, meaning that there may be 
opportunity for SERT users to increase their comfort level by moving to a different 
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part of the tent, as the sun completes its daily path. Minimising the effects of solar 
gain by physically moving to avoid it is a technique used by the Bedouin, who go as 
far as to move their entire dwelling in time with the seasons, as mentioned in Chapter 
2. However, all areas of the SERT’s living space were predicted to be thermally 
uncomfortable, by comparing PMV, PPD, and indoor air temperature with the 
acceptable levels given in Chapter 2.  
Air flow in the space between inner and outer tent ‘skins’ had the positive impact of 
preventing all the warmer air from entering or collecting in the inner living space. 
Unfortunately, the airflow through the tent’s windows was insufficient to provide 
thermal comfort for SERT occupants in the face of the more overwhelming effects of 
solar gain and warm ambient air temperature.  
The temperate climate case study revealed the CFD model’s ability to predict precise 
thermal comfort indicators at different points in the SERT, giving a more complete 
picture than that of the dynamic thermal model. Air stratification was found to leave 
the indoor air at an uncomfortably cold temperature, where the SERT occupants 
would be most affected by it. For the same reason, the PMV and PPD were predicted 
to be poorer at the heights where the SERT users would be most affected, than the 
thermal model had predicted. It was found that SERT users may experience 
uncomfortable draughts as a result of the open windows allowing in air at speeds of 
up to 0.3m/s. Overall, these results suggest that the external environmental 
conditions in which the user might experience thermal comfort inside a SERT, may 
be in a narrower range than that suggested by the results of the dynamic thermal 
modelling. 
This model provided detailed information which can inform improvements to the 
SERT’s design and could be used in any climate to predict a SERT user’s response to 
local environmental conditions. The improvements made to the SERT design, 
implemented as a result of what was learned in Chapters 4, 5 and 6, can be found in 
Chapter 7. 
161 
 
Chapter	7		
Investigating	and	assessing	
potential	improvements	to	the	
SERT	design	
7.1 Introduction	
This chapter outlines the dynamic thermal simulation results produced using 
dynamic thermal models of new tent designs, based on the original SERT, but with 
reconfigured material or design parameters. These designs were tailored for 
deployment in either a hot or cold climate, and tested in DesignBuilder using 
appropriate EnergyPlus weather files. Hot and cold climates were used for 
redesigning the SERT, because these were where the most concerning results were 
found for the SERT in Chapters 4 and 5. The locations chosen were places with 
extremes of temperature and many displaced people. The cold climate location was 
representative of Nepal, the site of an April 2015 earthquake. The available weather 
file with climatic conditions most similar to Nepal was that of Pagri in China, so this 
area was used for the DesignBuilder simulations. The hot climate location was 
representative of Chad and Sudan, where emergency shelters have often been 
deployed. The available weather file with climatic conditions most similar to 
Chad/Sudan was that of Kharga in Egypt, so this area was used for the DesignBuilder 
simulations. 
The simulation results were used to quantify the effects of each design or material 
change on the thermal environment inside the tent, through the use of the comfort 
metrics described in Chapter 2, Section 2.3.3, Table 2.2, and to numerically compare 
the effectiveness of each change, for the climate in question. For all design 
improvements investigations, the base case used was always the SERT. The SERT 
design modifications recommended in this chapter, as a result of analysis of the 
simulation data, can be utilised by SERT manufacturers and key humanitarian 
organisations.  
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For cold climate conditions, insulation strategies were applied to the tent walls and 
roof fabric, and, independently, to the groundsheet material. The strategies were to 
change the conductivity and thickness of the tent materials, while observing their 
impact on the PMV, PPD, and predicted indoor air temperature. For hot climate 
conditions, the ventilation strategy for the tent was changed by increasing the size of 
the ventilation openings and, independently, a shading strategy was tested. To 
improve shading, the transmittance property of the fabric was reduced, and the 
reflectance of the fabric increased, while observing the effect on the PMV, PPD and 
predicted indoor air temperature. In each climate the most extreme climatic 
conditions were modelled in order to find the worst case scenario for tent occupants, 
thus determining if it is possible for tent occupants to experience thermal comfort in 
even the most extreme conditions they may face, as well as those in between. 
Chapter 7 addressed Objective 3 “Identify how thermal comfort experienced by 
SERT occupants can be improved by redesigning some of the SERT’s parameters” 
and Objective 4 “Evaluate the revised design or material parameters that have been 
modelled, and make recommendations”, given in Chapter 1, Section 1.4. 
7.2 Improving	the	tent	for	use	in	a	cold	climate	
As discussed in Chapter 5, Section 5.4, the SERT cannot provide a thermally 
comfortable environment in a cold climate. Different improvement suggestions were 
discussed in Chapter 2, Section 2.4. Increasing the outdoor airflow into the tent is not 
beneficial, neither is attempting to allow in more solar gain. Aside from using a stove 
heater, the only way to increase the temperature in the tent, above that in the SERT, 
is to prevent the heat radiated from the human occupants from escaping the tent 
living space. This was achieved by altering the thickness of the tent fabric, to 
increase thermal mass, and reducing the thermal conductivity of said fabric, in order 
to reduce heat lost via conduction. The material changes were made by increasing or 
decreasing property values by powers of 10, in order to magnify the effects of each 
change, for ease of understanding. The fabric thickness could be increased in practice 
by layering the fabric currently used or by weaving a thicker fabric of the same 
density. The thermal conductivity could be reduced in practice by adding air layers 
between fabric layers or weaving in low thermal conductivity natural materials such 
as wools or specially designed low conductivity plastics. 
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In the SERT tests in a cold climate, where the vent-ventilated and unventilated SERT 
were modelled, the two configurations provided similar thermal environments to one 
another. Since it is safer for occupants to have a ventilated living environment, the 
DesignBuilder model of the vent-ventilated configuration was used as a base case for 
investigating improvements to the SERT for cold climate use. The tent was modelled 
under the same conditions used for Chapter 5, detailed in Chapter 3, Section 3.4: 
accommodating four occupants, with assumed clothing level of 1.5 clo and a met rate 
of 1.1 met, during the same winter design week in Pagri, Tibet. The environmental 
conditions in Pagri can be found in Table 3.15 in Chapter 3. Each case was assessed 
by comparing the predicted indoor air temperature, PMV and PPD, with those 
predicted for the SERT and with metrics described in Chapter 2. 
7.2.1 Changes	to	the	tent	wall	and	roof	material	conductivity	and	thickness	
Five cases were explored in order to see the effects of changing material parameters 
of the tent walls and roof, on the thermal comfort and air temperature inside the tent. 
These cases are given in Table 7.1, followed by the original thickness and 
conductivity of the inner and outer tent materials in Table 7.2. Some cases can be 
reached in multiple ways by combining a change in material thickness or 
conductivity, for example, making the SERT material ten times thicker than its 
original thickness has the same effect as reducing the thermal conductivity to a tenth 
of its original value. This is important to note as in practice it may be easier for a 
manufacturer to use thicker material than a material with a lower thermal 
conductivity, or vice versa. 
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Table  7.1: Modified thickness and/or conductivity parameters modelled and simulated in a cold climate. 
Reading along the column and row headings indicates the conditions used for each case and the R-Values 
are provided for the Inner and Outer tent in each case. 
 Original 
thickness 
10 x original 
thickness 
100 x original 
thickness 
Original conductivity Case 1 (SERT) 
RInner=0.00210 
m2K/W 
ROuter=0.00251 
m2K/W 
Case 2a 
RInner=0.0210 
m2K/W 
ROuter=0.0251 
m2K/W 
Case 3a 
RInner=0.210 
m2K/W 
ROuter=0.251 
m2K/W 
0.10 x original 
conductivity 
Case 2a 
RInner=0.0210 
m2K/W 
ROuter=0.0251 
m2K/W 
Case 3a 
RInner=0.210 
m2K/W 
ROuter=0.251 
m2K/W 
Case 4a 
RInner=2.10 m2K/W 
ROuter=2.51 m2K/W 
0.01 x original 
conductivity 
Case 3a 
RInner=0.210 
m2K/W 
ROuter=0.251 
m2K/W 
Case 4a 
RInner=2.10 
m2K/W 
ROuter=2.51 
m2K/W 
Case 5a 
RInner=21.0 m2K/W 
ROuter=25.1 m2K/W 
 
Table  7.2: Original thickness, R-values and conductivity of the SERT inner and outer tent material 
Tent 
Surface 
Original 
Thickness (m) 
Original Thermal 
Conductivity (W/mK) 
Original R-Value 
(m2K/W) 
Inner 0.000352 0.168 0.00210 
Outer 0.000496 0.198 0.00251 
 
The PMV in the tent during the coldest week in Pagri, for the five cases given in 
Table 7.1, is shown in Figure 7.1. The test case where the PMV is most frequently 
within an acceptable limit is Case 5A. It shows the greatest improvement when 
compared to the SERT; the PMV rating in this week was within an acceptable limit 
for more than double the amount of time compared with the SERT.  
Cases 2A showed minor improvements when compared with the SERT in terms of 
hours of acceptability. Cases 3A and 4A caused uncomfortably warm PMV ratings 
up to +2.3, and did not increase the SERT’s hours of acceptability.. None of the 
proposed changes kept the tent at a level anywhere close to acceptable (+0.7 to -0.7) 
during night-time low outdoor air temperatures. Similarly to the SERT, the tent in 
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each of the Cases 2A-5A would only deliver appropriate thermal comfort for a few 
hours each day.  
The PPD varied between 5% and 100%, for each of the five tent material cases, as 
shown in Figure 7.2. For over 50% of the week, the PPD was 100% which equates to 
unacceptable living conditions, as it is much higher than the recommended 15%. 
This metric indicates that the material changes do not make a significant 
improvement on the SERT. However, all metrics are worth considering when 
comparing the base case of the SERT to the proposed new materials, as any level of 
improvement on the SERT is a welcome result.  
The test case where the indoor air temperature of the tent’s living space is most 
frequently within the acceptable temperature range for an indoor space, of 18 - 24°C, 
is Case 5A, as shown in Figure 7.3. Cases 4A and 5A enable the tent to always 
maintain an indoor air temperature above freezing throughout the winter design week, 
which is positive as there can be risks to health if occupants are exposed sub-zero 
temperatures for over ten days, as shown in Figure 2.2, Chapter 2. 
The internal-external temperature difference is smallest in the SERT (up to 30K) and 
greatest in Cases 4A and 5A (up to 39K). Though in warm climates a difference of 
less than 5K is preferable, when the ambient temperature is constantly below 
freezing, it is desirable for there to be a large external-internal difference. The 
increased material thickness and reduced thermal conductivity of the wall and roof 
fabric in Case 5A reduces loss of heat generated by the four occupants, through these 
fabrics. 
The results shown in Figures 7.1-7.3, indicate that of the five cases outlined in Table 
7.1, Case 5A gives the best improvement in PMV and Case 4A and Case 5A give the 
best improvement in indoor air temperature, when compared to the SERT. While 
neither gives an ideal PMV result, between +0.7 and -0.7, they provide great 
improvement on the SERT base case. The thermal conductivity of the tent material 
could theoretically be reduced further and the thickness increased beyond that in 
Case 5A, but this may not be practical in the real world. For example, the thicknesses 
of the inner and outer tent fabrics in Case 5A are 0.0352m and 0.0496m respectively, 
which means the tent would be 100 times heavier, if the material type stayed the 
same. This means that the outer tent roof canvas, for example, would weigh 35kg/m2 
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as opposed to 0.35kg/m2, making a significant impact on the number of tents that 
could be carried in a plane or ship. The thermal conductivity of the material in Case 
5A has been reduced to 0.00168W/mK and 0.00198W/mK for the inner and outer 
tent fabric respectively. This represents significant material changes which could 
mean a higher density material, for example, which would also increase the weight of 
the fabric.  This raises three concerns, namely the cost of transporting emergency 
shelters, the cost of manufacturing them in new fabrics, and the frame structure used 
to support them and whether this would still be safe to use with a heavier fabric. 
This same effect on the tent’s indoor environment as found in Case 5A could be 
achieved with a tent fabric 10 times thinner and conductivity 10 times smaller, which 
could be a suitable alternative, if such a fabric could be manufactured. A compromise 
could be to use thinner material such as in Cases 2A, 3A or 4A, but sacrifice some of 
the insulation ability.	
 
Figure  7.1: The PMV inside five cases based on the original vent-ventilated SERT design, but using 
different material properties for the walls and roof. Predicted using DesignBuilder for the winter design 
week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 1.1met and four occupants 
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Figure  7.2: The PPD inside five cases based on the original vent-ventilated SERT design, but using 
different material properties for the walls and roof. Predicted using DesignBuilder for the winter design 
week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 1.1met and four occupants 
 
Figure  7.3: The predicted indoor air temperature inside five cases based on the original vent-ventilated 
SERT design, but using different material properties for the walls and roof. Results collected using 
DesignBuilder for the winter design week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 
1.1met and four occupants 
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7.2.2 Changes	to	the	tent	groundsheet	material	conductivity	and	thickness	
In the same way as in Section 7.2.1., five cases were explored in order to see the 
effects of changing material parameters of the groundsheet on the thermal comfort 
and air temperature inside the tent. These cases are given in Table 7.3. The original 
thickness and thermal conductivity of the SERT groundsheet were 0.001m and 0.245 
W/mK, respectively. 
Table  7.3: Modified thickness and/or conductivity parameters modelled and simulated in a cold climate. 
Reading along the column and row headings indicates the conditions used for each case and the R-Values 
are provided in each case. 
 Original 
thickness 
10 x original 
thickness 
100 x original 
thickness 
Original conductivity Case 1 (SERT) 
R=0.00408 
m2K/W 
Case 2b 
R=0.0408 m2K/W 
Case 3b 
R=0.408 m2K/W 
0.10 x original 
conductivity 
Case 2b 
R=0.0408 
m2K/W 
Case 3b 
R=0.408 m2K/W 
Case 4b 
R=4.08 m2K/W 
0.01 x original 
conductivity 
Case 3b 
R=0.408 
m2K/W 
Case 4b 
R=4.08 m2K/W 
Case 5b 
R=40.8 m2K/W 
 
The PMV in the tent during the coldest week of the year in Pagri, for five cases 
where each of the material properties are as given in Table 7.3, is shown in Figure 
7.4. The PMV is most frequently within an acceptable limit in Case 2B, showing 
improvement compared to the SERT. Cases 3B, 4B and 5B also show improved 
PMV when compared with the SERT, for mid-range temperatures during the week, 
but for extremes of hot the PMV in Cases 2B – 5B was worse than for the SERT, by 
up to 4 points, for example at 16:15 on the second day of the winter design week.  
The thicker groundsheet creates a wider barrier between the inner tent and the ground 
than the thinner groundsheet. During the day when the ambient temperature is 
relatively ‘high’, the thicker groundsheet does not allow body heat from the 
occupants to dissipate to the ground, causing the tent to overheat. The groundsheet 
has a lower thermal mass than the ground and is therefore less able to store and 
subsequently release heat. During the night the groundsheet could be colder than the 
ground itself, and would have more influence on the tent’s internal temperature than 
the ground due to its increased thickness and proximity to the inner tent. As such the 
air temperature drops even lower than in the SERT, and the influence of the ambient 
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air flowing in dominates.These results suggest that groundsheet insulation may not 
be the best method of improving the SERT thermal comfort. 
For over 50% of the week, the PPD was 100% for all of the five tent material cases, 
as shown in Figure 7.5. This equates to unacceptable living conditions, as it is much 
higher than the recommended 15%. This metric implies the material changes do not 
make significant improvement compared to the SERT. 
Where the outdoor air temperature is at its extremes (≈ 0°C or ≈ -22°C) the indoor air 
temperature in Cases 2B – 5B is hotter or colder than that in the SERT in the same 
outdoor conditions, which is not a positive attribute of these cases. None of the cases 
are able to keep the indoor air temperature above freezing for the week; Cases 2B-5B 
could cause hypothermia in a few hours, as indicated by Figure 2.2, Chapter 2. 
As Pagri has an ambient temperature below freezing in the winter design week, a 
large internal-external temperature difference is desirable. The SERT provides the 
greatest internal-external temperature difference of the 5 cases during the lowest 
ambient temperatures conditions at night (14K), but for higher ambient temperatures 
during the day, the SERT gives the lowest internal-external temperature difference of 
the 5 cases and Case 5B gives the greatest internal-external temperature difference of 
48K. The SERT performs better than the other four cases during worst case scenario 
conditions, and the other four cases actually create an indoor environment which is 
uncomfortably hot during the day. 
The results shown in Figures 7.4-7.6, indicate that Cases 2B – 5B offer little 
improvement to the thermal comfort of the tent indoor environment, when compared 
with the SERT. Case 2B may be useful during the day; an extra layer could be added 
to the floor and then removed at night. Generally, the thicker or lower conductivity 
groundsheet fabric worsened the predicted thermal comfort level in the tent, when 
compared to the SERT. This was likely caused by the increased barrier between the 
inner tent and the ground, which has a higher thermal mass than the groundsheet. 
None of the cases in Table 7.3 provide a suitable alternative to the SERT. 
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Figure  7.4: The PMV inside five cases based on the original vent-ventilated SERT design, but using 
different material properties for the groundsheet. Predicted using DesignBuilder for the winter design 
week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 1.1met and four occupants 
 
Figure  7.5: The PPD inside five cases based on the original vent-ventilated SERT design, but using 
different material properties for the groundsheet. Predicted using DesignBuilder for the winter design 
week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 1.1met and four occupants 
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Figure  7.6: The predicted indoor air temperature inside five cases based on the original vent-ventilated 
SERT design, but using different material properties for the groundsheet. Results collected using 
DesignBuilder for the winter design week in Pagri, Tibet, with a clothing level of 1.5 clo, a met rate of 
1.1met and four occupants 
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7.3 Improving	the	tent	for	use	in	a	hot	climate	
As demonstrated in Chapter 5, Section 5.3, the SERT cannot provide a thermally 
comfortable environment in a hot climate. Several suggestions for improvements 
were found through the Literature Review, in Section 2.4. The thermal comfort can 
be improved upon by increasing the airflow of cooler outdoor air into the tent, or by 
reducing the heating effect of solar gain on the tent in the first instance. This was 
achieved by increasing the opening sizes to improve ventilation, and by employing 
shading techniques on the outward facing side of the tent fabric, as suggested in 
Section 2.4. The tent was modelled under the same conditions used for Chapter 5, 
detailed in Chapter 3, Section 3.4: accommodating four occupants, with assumed 
clothing level of 0.7 clo and a met rate of 1.1 met, during the same summer design 
week in Kharga, Egypt. The environmental conditions in Kharga can be found in 
Table 3.13 in Chapter 3. Each test case was assessed by comparing the predicted 
indoor air temperature, PMV and PPD, with those predicted for the SERT and with 
metrics described in Chapter 2.. 
7.3.1 Changes	to	the	ventilation	method	
The DesignBuilder models of the vent-ventilated, window-ventilated and door-
ventilated SERT were used as the base cases to work from when increasing the tent 
openings sizes. The opening size increases were implemented starting with the 
largest possible opening in the tent, as shown in Table 7.4. Once the results of this 
‘best case’ had been analysed, progressing further with smaller, more practical 
openings, was not considered worthwhile, as explained below. 
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Table  7.4: Opening areas of the ventilation options in the SERT, compared with modified ventilation 
design parameters modelled and simulated in a hot climate 
Case Ventilation 
Method 
Changed 
External 
Opening 
Area, per 
opening (m2) 
Internal 
Opening 
Area, per 
opening (m2) 
Opening Area 
Description 
Vent –
ventilated 
SERT 
N/A 0.0375 0.2450 2 identical 
openings, front 
and back. 
Window-
ventilated 
SERT 
N/A 1.0800 1.0800 2 identical 
openings, one on 
each side. 
Door-
ventilated 
SERT 
N/A 1.8200 1.5500 2 identical 
openings, front 
and back. 
5m² Door-
ventilated 
tent 
Doors 5.0000 1.5500+ 
(2.6600) = 
4.2100 
Full area of front 
and back. See 
Figure 7.7. 
 
 
Figure  7.7: Diagram illustrating the 5m² door-ventilated tent. The entire front of the outer tent is open and 
the blue area represents the area at front of the inner tent which is open and covered with the same 
mosquito net used in the SERT. This is in addition to the original inner door area which is shown in 
Chapter 3. The front and back of the tent are symmetrical. 
Increasing the opening size to 5m² external doors and 4.21m² internal doors 
facilitated minimal improvement on the PMV, PPD, and predicted indoor air 
temperature, when compared to the SERT during the hottest week of the year in 
Kharga, as shown in Figures 7.8, 7.9 and 7.10. 
In Figure 7.8 a small reduction in PMV of 0.2 is indicated, when compared to the 
door-ventilated SERT for example at 05:15 on the sixth day of the summer design 
week. The vote is 0.8 lower than that for the window-ventilated SERT and the vent-
ventilated SERT. The PMV is always above the +0.7 acceptable limit, but with the 
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5m² door-ventilated tent, the PMV rating drops below +2 “warm” for slightly longer 
than in the door-ventilated SERT, which is a small improvement on any of the SERT 
ventilation methods.  
When compared with the door-ventilated SERT, the new design reduces the PPD by 
10%, as shown in Figure 7.9. When compared with the window and vent ventilated 
SERT, the PPD is 35% lower. However, the PPD remains 30 to 80% higher than the 
15% acceptable limit. 
The indoor air temperature in the new tent design was 2.7K lower than that in the 
door-ventilated SERT and 6K lower than that in the window- or vent-ventilated 
SERT, as shown in Figures 7.10 and 7.11. However, the indoor air temperature is 
still more than 30K higher than the outdoor air temperature which is 25K over the 
recommended limit, and consistently higher than the maximum comfort temperature 
of 24°C. This is unacceptable and could cause hyperthermia in a few minutes of 
exposure, as shown in Figure 2.2, Chapter 2. 
With maximum possible ventilation, the tent in hot climate extremes was unable to 
provide thermal comfort or safety for occupants. Therefore, attempting to improve 
the thermal environment of the SERT by changing the ventilation method should not 
be pursued as no opening size or location could increase the airflow beyond that of 
the 5m² door ventilated tent. 
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Figure  7.8: The PMV inside the modified tent with 5m² door openings, compared to the SERT during the 
summer design week, simulated in DesignBuilder with an occupancy density of 0.25 people per square 
metre, with clothing level 0.7 clo and met rate of 1.1met in Kharga, Egypt. 
 
Figure  7.9: The PPD inside the modified tent with 5m² door openings, compared to the SERT during the 
summer design week, simulated in DesignBuilder with an occupancy density of 0.25 people per square 
metre, with clothing level 0.7 clo and met rate of 1.1met in Kharga, Egypt. 
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Figure  7.10: The air temperature inside the modified tent with 5m² door openings, compared to the SERT 
during the summer design week, simulated in DesignBuilder with an occupancy density of 0.25 people per 
square metre, with clothing level 0.7 clo and met rate of 1.1met in Kharga, Egypt. 
 
Figure  7.11: The reduction in indoor air temperature caused by increasing the door openings’ size to 5m², 
compared to the door ventilated SERT during the summer design week, simulated in DesignBuilder with 
an occupancy density of 0.25 people per square metre, with clothing level 0.7 clo and met rate of 1.1met in 
Kharga, Egypt. 
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7.3.2 Devising	a	shading	strategy	for	the	tent	walls	and	roof		
Five cases were simulated during the hottest week of the year in Kharga, in order to 
see the effects of different shading strategies on the thermal comfort and air 
temperature inside the tent. These cases are given in Table 7.5. The fabric’s 
transmittance was reduced and thickness increased in order to reduce the amount of 
solar gain admitted through the fabric. The reflectance was increased for the same 
purpose. The reflectance used was based on a reflective window covering template 
found in DesignBuilder. The sum of the reflectance, transmittance and absorptance 
of a material must equal 1, therefore when one was changed, the others were 
amended accordingly. The fabric thickness was increased while the transmittance 
and reflectance were unchanged to investigate whether this could protect the tent’s 
indoor environment from any secondary effect of radiation absorbed by the fabric. 
The DesignBuilder model of the window-ventilated SERT was used as a base case in 
this investigation, due to the compromise between maximising ventilation and 
minimising loss of privacy to SERT users that this ventilation method affords.  
Table  7.5: Properties of the inner and outer tent fabric for each case modelled and simulated in a hot 
climate 
Case No. Solar/Visible/Infra-
red Transmittance (-) 
Solar/Visible 
Outside 
Reflectance (-) 
Thickness (mm) 
Inner Outer 
1C 
(SERT) 
0.041/0.039/0.05 0.058/0.06 0.352 0.496 
2C 0.001/0.001/0 0.099/0.099 0.352 0.496 
3C 0.001/0.001/0 0.8/0.8 0.352 0.496 
4C 0.001/0.001/0 0.8/0.8 3.52 4.96 
5C 0.001/0.001/0 0.8/0.8 35.2 49.6 
 
Case 3C shows a reduction in PMV of up to 0.3, when compared to the SERT, as 
shown in Figure 7.12, at 06:30 on the first day of the summer design week. All of the 
higher reflectance cases perform the best, with 2C, 3C and 4C taking the PMV below 
+3, meaning “hot”. However, all the cases give a PMV above the recommended 
maximum of +0.7.  
Case 3C shows a reduction of up to 4.5% PPD when compared to the SERT, as 
shown in Figure 7.13. The PPD remains 70% above the recommended 15% 
maximum, which is unacceptable. 
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Case 3C has an indoor air temperature 23K lower than that in the SERT, as shown in 
Figure 7.14, which is a significant temperature reduction. The temperature in all of 
the cases is above the comfort limit of 24°C, which is unacceptable, and at least 17K 
above the outdoor air temperature. 
Of the five cases tested, the case with a high reflectance of 0.8 and a thickness the 
same as that of the SERT material performed the best. Reducing the transmittance to 
close to zero was not as beneficial, and the predicted thermal comfort remained 
similar to that in the SERT. Increasing the thickness of the material did not improve 
the predicted thermal comfort. 
There are two important caveats when applying the above results in practice. The 
visual pollution potentially caused by a highly reflective surface must be considered 
if using this material for the tent. Improvement on the SERT does not necessarily 
mean a habitable environment; even the best case scenario modelled, would lead to 
hyperthermia after a few hours of exposure. 
 
Figure  7.12: The PMV inside five cases based on the original window-ventilated SERT design, but using 
different material properties for the walls and roof. Predicted using DesignBuilder for the summer design 
week in Kharga, Egypt, with a clothing level of 0.7 clo, a met rate of 1.1 met and four occupants 
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Figure  7.13: The PPD inside five cases based on the original window-ventilated SERT design, but using 
different material properties for the walls and roof. Predicted using DesignBuilder for the summer design 
week in Kharga, Egypt, with a clothing level of 0.7 clo, a met rate of 1.1 met and four occupants 
 
Figure  7.14: The predicted indoor air temperature inside five cases based on the original window-
ventilated SERT design, but using different material properties for the walls and roof. Predicted using 
DesignBuilder for the summer design week in Kharga, Egypt, with a clothing level of 0.7 clo, a met rate of 
1.1 met and four occupants 
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7.4 Chapter	summary	
This chapter has outlined and analysed the results of changing SERT parameters in 
DesignBuilder models and simulating these new tent designs in a cold or hot climate, 
as appropriate for the intended usage of each design. The tent designs for a cold 
climate involved changing the thickness and conductivity of the tent’s walls, roofs 
and groundsheet, whereas the hot climate tent had larger opening sizes or improved 
shielding from solar gain. 
In a cold climate, as summarised in Table 7.6, the comfort metrics indicated that 
increasing the thickness and reducing the conductivity of the walls and roof material 
improved the thermal comfort in the tent when compared with the SERT, though 
none of the cases tested could provide an ideal case where the PMV is between 0.7 
and -0.7. Applying the same material changes to the tent ground sheet did not yield 
similar results; in fact the tent environment was less consistent and poorer thermally 
than in the SERT. This occurred because the stabilising effect of the ground 
temperature, which was greater than the outdoor air temperature, was removed. The 
improvement in hours of acceptability due to each design change is summarised in 
Table 7.7. 
Reducing the thermal conductivity of the tent material rather than making it thicker, 
may be more practical for SERT designers and users alike, because the added weight 
of a heavier fabric may make the tents too heavy to ship in large quantities, and 
bulkier material could hinder users in putting up the tent. The challenges of 
transporting emergency tents with a greater mass than the SERT cannot be ignored 
when suggesting design changes. 
It may be the case that the changes made in the above cases can be applied in 
temperate to cool climates in order to provide an acceptable thermal comfort rating in 
a tent. In the case of the SERT and the adaptations discussed in this chapter, it could 
be that the only way to survive in extremes of cold would be to wear more clothes 
and use blankets, which could be provided by relief agencies. Figure 7.15 compares 
the PMV rating for different clothing levels for the Case 5A model. Clothing level 
can be varied to improve thermal comfort, throughout the day, though clothing levels 
of 2.5-3.5clo as used in Figure 7.15, would require blankets and sleeping bags rather 
than just clothing. Strictly speaking, this suggestion can only be theoretically based 
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as the PMV model is only valid for clothing levels up to 2.0clo. The findings in this 
Chapter mean that even if the SERT is improved for cold climates, users might need 
provision additional to their shelter items, in order to keep them safe and warm. 
Table  7.6: The best results achieved with each set of cases in a cold climate 
 Changing wall and roof 
material 
Changing groundsheet 
material 
PMV compared to SERT -3 to +1 rather than  
-3 to +0.5 – Worsening 
of 0.5 compared to 
SERT 
-3 to +1.5 rather than  
-3 to +0.5 – Worsening of 
1 compared to SERT 
PPD compared to SERT N/A N/A 
Predicted Indoor Air 
Temperature compared to 
SERT 
Internal-external temp 
difference 39K rather 
than 30K – Improvement 
of 9K compared to 
SERT 
Internal-external temp 
difference 48K rather than 
30K – Improvement of 
18K compared to SERT 
 
Table  7.7: The hours of acceptability for the base case of the SERT and for each of the best design changes 
made for a cold climate 
Design Change Hours of Acceptability – 
PMV and PPD 
Hours of 
Acceptability – 
Indoor Air 
Temperature 
SERT Base Case 10.50 17.25 
Changing wall and roof 
material 
23.00 16.00 
Changing groundsheet 
material 
16.25 13 
 
182 
 
 
Figure  7.15: the PMV rating for Case 5A if the clothing level was increased 
In a hot climate, as summarised in Table 7.8, the comfort metrics indicated that 
increasing the tent opening sizes to maximum did not provide a significant 
improvement compared to the SERT. However, increasing the reflectance of the tent 
material saw large temperature reduction compared to the SERT indoor air 
temperature in the same outdoor conditions, meaning that this method is worth 
pursuing. This is with the caveat that none of the changes made provided a predicted 
thermal comfort or indoor air temperature that would be acceptable, as summarised 
in Table 7.9, but rather an improvement on the SERT base case. These improvements 
can be applied in less extreme climates such as temperate to warm, but in a hot 
climate such as Kharga, the tent should not be used. 
The high reflectance tent material may not be practical for their users because of the 
visual pollution caused by highly reflective surfaces. Tent designers would need to 
find a way to circumvent this issue in order to utilise this powerful solution to 
overheating. If use of the larger ventilation openings were pursued further, designers 
would have to bear in mind that there is relatively little benefit to this, compared to 
the huge loss of privacy and shelter from the wind, caused by fully opening up the 
front and back of the tent. The findings in this chapter mean that even if the SERT is 
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improved for hot climates, users might need additional cooling measures to be 
comfortable. 
Table  7.8: The best results achieved in a hot climate 
 Increasing opening size Changing shading strategy
PMV compared to 
SERT 
+1.5 to +3 rather than +1.7 to 
+3 - Improvement of 0.2 
compared to SERT 
Greatest difference in PMV 
2.6 rather than 2.9 - 
Improvement of 0.3 
compared to SERT 
PPD compared to 
SERT 
Greatest difference in PPD 
62.4% rather than 72.4% - 
Reduction of 10% compared 
to SERT 
Greatest difference in PPD 
91.2% rather than 95.7% - 
Reduction of 4.5% 
compared to SERT 
Predicted Indoor Air 
Temperature 
compared to SERT 
72.5°C rather than 75.2°C 
during the hottest part of the 
day - Reduction of 2.7K 
compared to SERT 
Reduction of 23K compared 
to SERT 
 
Table  7.9: The hours of acceptability for the base case of the SERT and for each of the best design changes 
made for a hot climate 
Design Change Hours of Acceptability – 
PMV and PPD 
Hours of 
Acceptability – 
Indoor Air 
Temperature 
SERT Base Case 0 0 
Increasing Opening Size 0 0 
Changing Shading 
Strategy 
0 0 
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Chapter	8	
Summary,	conclusions	and	future	
work	
8.1 Summary	
8.1.1 Research	strategy	
In order to ascertain the overall thermal comfort performance of a SERT, the internal 
environment of a real SERT was monitored over several months, in Loughborough, 
UK. The data was collected for a variety of available SERT ventilation strategies. 
This data was analysed alongside external weather data in order to determine the 
overall impact of external environmental conditions on the internal conditions in the 
tent, determine which of the SERT’s attributes were most detrimental to providing a 
thermally comfortable environment, as well as assess hourly and seasonal changes in 
the tent’s thermal environment. The thermal comfort was assessed using carefully 
chosen metrics found in the existing literature. 
Dynamic thermal models of the SERT were developed in order to quantitatively 
analyse the SERT’s predicted thermal comfort performance in three case study 
locations; one in a hot climate, one in a cold climate, and one in a temperate climate. 
The dynamic thermal models were used to simulate during the worst-case design 
weeks, with hourly weather data, in order to assess the extremes of thermal 
discomfort to which a SERT inhabitant might be exposed. The thermal comfort was 
assessed using appropriate metrics obtained from the literature. The dynamic thermal 
models represented each of the available SERT ventilation strategies, and were 
validated using the data collected in a real SERT in Loughborough, UK. 
A CFD model of the SERT was developed, in order to predict the response of the 
human body to local environmental conditions such as air speed and indoor air 
temperature. These are important factors which would affect the thermal comfort of a 
SERT occupant. The model was validated using the data collected in a real SERT in 
Loughborough, UK. The application of the model was demonstrated in a hot climate 
and a temperate climate, using boundary conditions from the dynamic thermal 
modelling.  
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Having analysed the simulation results for the SERT, changes were made to the 
design and material parameters of the dynamic thermal model of the tent, for 
improved thermal comfort as appropriate for hot or cold climates. Namely, the 
shading and insulation strategies were improved for hot and cold climates, 
respectively. Dynamic thermal simulation was used to quantify the effects of these 
design and material changes on the predicted thermal comfort inside the tent. 
The results of the dynamic thermal simulations were analysed to numerically 
compare the effectiveness of each tent design change. The revised design and 
material parameters were recorded in the final thesis, in order to be of use to SERT 
manufacturers and key humanitarian organisations that facilitate design 
modifications.  
8.1.2 Conclusions	
Through analysis of the physical test data collected in the real SERT in the temperate 
climate of Loughborough, UK, the internal air temperature in the SERT was found to 
be largely uncomfortable, unstable, and affected by external conditions, particularly 
solar gain, and least thermally comfortable during the winter months. The indoor 
temperature reached levels that could be dangerous to human life, with the potential 
to cause hypo- or hyperthermia, over extended periods of exposure. None of the 
SERT’s opening configurations tested could achieve an acceptable thermal 
environment for SERT occupants at ambient temperatures below 13°C or above 
20°C. Even in conditions where other thermal comfort criteria were met, the local 
draughts around a human occupant were significant enough to cause thermal 
discomfort, when the ventilation was provided by large openings. Despite the 
draughts they caused, none of the ventilation openings could adequately counteract 
the adverse effect of solar gain to reduce the indoor temperature to a comfortable 
level. The SERT design features most detrimental to providing thermal comfort were 
its low thermal mass and translucent material.  
Validation of the dynamic thermal models of the SERT revealed that they were able 
to accurately predict the thermal comfort inside a SERT in a hot, cold, and temperate 
climate. In a temperate climate, the SERT users would be able to experience thermal 
comfort for a portion of the year, but during the climatic extremes there were 
concerns raised for the health of vulnerable individuals and those who could not 
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access suitable levels of clothing for the thermal environment. The hot and cold 
climate simulations revealed serious potential dangers to health due to consistently 
high and low temperatures, respectively. In the Egyptian climate’s hottest week of 
the year, the indoor air temperature reached dangerous levels which would not be 
survivable by humans for more than ten minutes. In these conditions, the SERT 
occupants would be safer outside of their tent. In the cold climate extremes, the 
SERT occupants would at least be able to add blankets and sleeping bags to their 
personal insulation level, if such items were available to them. 
The CFD model was able to represent the SERT in order to predict the response of 
the human body to local environmental conditions inside the SERT, such as air speed 
and indoor air temperature. The application of the model was demonstrated in a hot 
climate case study, where the local environmental conditions would have a negative 
impact on the thermal comfort response of a SERT user, particularly the effect of 
solar gain and the infiltration of warm outdoor air into the SERT’s living space. All 
areas of the SERT’s living space were predicted to be thermally uncomfortable. 
However, the air temperature was not uniform across the internal space of the SERT, 
meaning that there may be opportunity for SERT users to increase their comfort level 
slightly by moving to a different part of the tent. The application of the model was 
also demonstrated in a temperate climate case study, where the effects of air 
stratification were predicted to cause a SERT user more thermal discomfort than was 
predicted through dynamic thermal modelling. This highlighted the usefulness of a 
combined thermal and CFD modelling approach for characterising the thermal 
environment of a SERT. 
Changes made to the design and material parameters of the dynamic thermal model 
of the tent, improved the predicted thermal comfort in the tent as appropriate for hot 
or cold climates. 
In a cold climate, the comfort metrics indicated that increasing the thickness and 
reducing the conductivity of the walls and roof material improved the thermal 
comfort in the tent when compared with the SERT, though none of the cases tested 
could provide an ideal case where the PMV is between 0.7 and -0.7. It could be that 
the only way to survive in the extremes of cold would be to wear more clothes and 
use blankets, which could be provided by relief agencies. Applying the same material 
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changes to the tent ground sheet made the tent environment less consistent and 
poorer thermally than the SERT, because the stabilising effect of the ground 
temperature, which was greater than the outdoor air temperature, was removed.  
The fabric thickness could be increased in practice by layering the fabric currently 
used or by weaving a thicker fabric of the same density. The thermal conductivity 
could be reduced in practice by adding air layers between fabric layers or weaving in 
low thermal conductivity natural materials such as wools or specially designed low 
conductivity plastics. 
In a hot climate, the comfort metrics indicated that increasing the tent opening sizes 
to maximum did not provide a significant improvement compared to the SERT. 
However, increasing the reflectance of the tent material saw large temperature 
reduction compared to the SERT indoor air temperature in the same outdoor 
conditions. Unfortunately, none of the changes made provided a predicted thermal 
comfort or indoor air temperature that would be acceptable, but rather an 
improvement on the SERT base case. Therefore, it was decided that in a hot climate 
such as Kharga, using the tent is not advisable. 
The design and material recommendations for SERT manufacturers and key 
humanitarian organisations were recorded as follows:  
 For use in a cold climate, reducing the thermal conductivity of the tent 
material rather than making it thicker, may be more practical for SERT 
designers and users alike, because the added weight of a heavier fabric may 
make the tents too heavy to ship in large quantities, and bulkier material may 
hinder users in putting up the tent.  The challenges of transporting emergency 
tents with a greater mass than the SERT cannot be ignored when suggesting 
design changes. 
 For use in a hot climate, the high reflectance tent material may not be 
practical for SERT users because of the visual pollution caused by highly 
reflective surfaces. Tent designers would need to find a way to circumvent 
this issue in order to utilise this powerful solution to overheating. Pursuit of 
utilising larger ventilation openings to improve thermal comfort in a hot 
climate was not recommended. 
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Practically, for SERT users this means that there are ways of improving the SERT’s 
thermal performance in cold climates, and some of the changes made for hot climates 
may be suitable to improve temperate climate SERT thermal comfort too. If practical 
changes are made by the relevant people, hopefully this will lead to future recipients 
of humanitarian aid receiving better shelter provision. 
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8.2 Contributions	to	knowledge	
This research has produced theoretical, empirical, methodological, and practical 
contributions to knowledge, described in the following section, which have added 
knowledge to the prior research gaps discussed in Chapter 2. 
8.2.1 Developing	new	dynamic	thermal	models	of	a	standardised	humanitarian	
family	tent,	validated	using	UK	physical	test	data	
This research has involved developing a new dynamic thermal model (DTM) of a 
current SERT, which has been validated using UK climate data. This is an 
improvement on existing models at time of writing, because the models in this work 
used validation data collected at a variety of points within the tent, which could be 
averaged over the space. The location of the physical tests used to validate the DTM 
benefitted from close proximity to a weather station, meaning that internal-external 
temperature differences could be accurately monitored and compared with the 
simulation results. Four different tent ventilation methods were modelled and 
validated; namely, unventilated, vent-ventilated, window-ventilated and door-
ventilated. To the author’s knowledge there is no published research of this kind 
elsewhere. The model can be used to assess the thermal comfort performance of the 
SERT in any of these four configurations, using weather data from any location in 
the world, which is an extremely useful asset to the humanitarian relief sector. 
8.2.2 Developing	a	new	steady‐state	CFD	model	of	a	standardised	humanitarian	
family	tent,	validated	using	UK	physical	test	data	
The development of the SERT CFD model detailed in this thesis is the first of its 
kind, to the author’s knowledge. Notably, the modelling of the SERT fabric and its 
impact on heat transfer to and from the SERT is the first of its kind. The model has 
been validated using UK physical test data, and mesh independence and convergence 
tests conducted, making the model reliable for use by agencies in the humanitarian 
relief sector. The model can be used for any location in the world, in order to predict 
the human body’s response to local environmental conditions such as indoor air 
temperature and air speed, thus forecasting the thermal comfort level in the SERT in 
said location. 
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8.2.3 Quantitative	analysis	of	the	thermal	comfort	performance	of	a	
standardised	humanitarian	tent,	in	the	worst	case	conditions	in	hot,	cold	
and	temperate	climates	
Through dynamic thermal modelling in three climates, new quantitative knowledge 
of predicted SERT thermal comfort performance in the temperate climate of the UK, 
the hot climate of Egypt and the cold climate of Tibet has been produced. These 
three locations are representative of real case study locations where SERTs are used. 
This knowledge provides numerical scientific evidence of the extreme discomfort 
and even danger to health that SERT users may experience, in different climates. 
Where before there was an awareness of the SERTs providing inadequately 
comfortable shelter, there is now quantitative data to support these hypotheses which 
can be used in the humanitarian relief sector to push forward more changes in the 
way that SERTs are used and ultimately benefit the lives of millions of current and 
future SERT occupants. 
8.2.4 Quantitative	analysis	of	how	the	thermal	comfort	of	the	SERT	changes	
hourly	and	seasonally,	in	a	temperate	UK	climate	
Through the collection and analysis of data in a real SERT in the UK climate, a new 
dataset for SERTs has been produced, which details how airspeed, relative humidity, 
and temperature, change over short- and long-term time periods. The production of 
this real-world data is invaluable as real data such as this is scarce, and real, current, 
published data is non-existent for this type of SERT. This data is useful for assessing 
the overall SERT environment, as well as the detailed experience of a SERT 
occupant at a particular point in the shelter at a certain time of the day, for example. 
8.2.5 Quantitative	analysis	of	the	effects	of	the	outdoor	climatic	conditions	on	
the	internal	thermal	environment	of	the	SERT,	in	a	temperate	UK	climate	
Similarly to 8.2.4, the dataset collected and analysed in combination with local 
weather station data is invaluable for assessing internal-external temperature, and air 
speed differences in the SERT. Since the effect of external conditions has such a 
great impact on the SERT internal environment due to the SERT’s low thermal mass 
and translucent fabric, the demonstration of this numerically through scientific data 
collection is useful to the humanitarian relief sector. 
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8.2.6 Improved	tent	shading	strategy	for	thermal	comfort	demonstrated	
through	dynamic	thermal	modelling	
The shading strategy suggested in this thesis is the first of its kind, to the author’s 
knowledge. The quantitative comparison of different shading materials and their 
effect on the SERT’s thermal comfort in comparison with the original SERT, is 
useful for the humanitarian relief sector to be able to see the real impact that making 
these design and material changes could have on SERT users in hot climates. The 
shading strategy was predicted to reduce the indoor air temperature by 23K, 
compared with the original SERT. 
8.2.7 Improved	tent	insulation	strategy	for	thermal	comfort	demonstrated	
through	dynamic	thermal	modelling	
The tent insulation strategy developed in this thesis is the first of its kind, to the 
author’s knowledge. The quantitative comparison of different insulating materials 
and their effect on the SERT’s thermal comfort in comparison with the original 
SERT, is useful for the humanitarian relief sector to be able to see the real impact 
that making these design and material changes could have on SERT users in cold 
climates. The insulation strategy was predicted to increase the internal-external 
temperature difference by 9K, compared with the original SERT. 
8.2.8 Practical	suggestions	of	how	the	tent	materials	and	design	can	be	
improved	for	thermal	comfort	
Practical advice based on quantitative evidence, predicted through validated dynamic 
thermal models, on how to improve the SERT for thermal comfort in different 
climates contributes new knowledge to the humanitarian relief research community. 
The advice weighs the scientific aspects of proposed design changes to the SERT for 
different climates, against the practicality of implementing these design changes with 
regard to cost of aid, transportation weight, and social factors for SERT users, 
amongst others. 
8.3 Limitations	of	the	research	
This research focussed on a single example of one design of humanitarian tent, 
representative of millions of family tents deployed by humanitarian agencies. This 
tent design was chosen because of its compliance with standards adhered to by those 
distributing vast quantities of humanitarian shelter, with the aim of this research 
impacting as many future humanitarian tent occupants as possible. 
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As discussed in Chapters 1 and 2, there are a variety of issues relating to 
humanitarian shelter which could have been explored, of which thermal comfort is 
only one. Upon assessing the literature, the study of the thermal performance of 
humanitarian tents appears necessary, urgent, and of potentially high impact for 
millions of people. 
Of the available methods to assess the thermal comfort of humanitarian tents, three 
were chosen; physical testing, dynamic thermal modelling, and CFD modelling. 
There were no human test subjects interviewed as part of this research, for example. 
A major reason for using the methods chosen as opposed to others, was to collect and 
assess quantitative data on the thermal performance of humanitarian tents, in order to 
discover the specific reasons behind thermal discomfort in tents and quantify the 
level of discomfort that could be experienced using numerical examples in real case 
studies. This numerically based information is a measurable benchmark from which 
improvements to the thermal performance of humanitarian tents can be made. 
Modelling the SERT has created tools which could be used by others to predict the 
thermal performance of the SERT in any climate, without the inconvenience of 
having to measure data in the location in question.  
A selection of the available thermal comfort metrics were used in this research. 
Those chosen were key standards used in studies of building performance, as 
discussed in Chapter 2. Unfortunately there were no quantitative thermal comfort 
standards relating specifically to humanitarian tents, and some of the standards used 
in this research were developed using data collected in air-conditioned rather than 
naturally ventilated buildings. Thermal comfort prediction methods such as PMV and 
PPD, will naturally have some error in their output due to their being based on a 
finite dataset. 
A detailed explanation of the specific limitations of the physical testing research 
method can be found in Chapter 3, Section 3.3.6; those for the dynamic thermal 
modelling can be found in Chapter 3, Section 3.4.7, and those for the CFD modelling 
can be found in Chapter 3, Section 3.5.5. The merits and limitations of each of the 
research methods used are summarised in Table 8.1. 
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 Table  8.1: The research methods and their strengths and weaknesses 
Method Rationale Strengths Weaknesses 
Physical 
Testing 
 To assess the overall 
thermal comfort 
performance of a 
SERT over a period of 
six months, across 
changing climatic 
conditions 
 Real collected data can 
give a more complete 
and accurate picture 
than computer 
modelling 
 No simplifications 
made to the tent design 
 Provides boundary 
conditions for 
computer models 
 Only one tent in 
one location 
 Finite period of 
time captured 
 Data only collected 
at nine points 
 Collected data 
needs to be from 
instruments 
calibrated correctly 
Thermal 
Modelling 
 To predict the thermal 
comfort in the SERT 
in three different 
climates, using hourly 
weather data, over the 
period of a year  
 To quantify the effect 
of design changes on 
thermal comfort 
 Able to simulate in a 
range of real case 
studies without 
needing to visit these 
locations. 
 Can incorporate virtual 
human occupants 
 Can see the tent 
environment’s reaction 
to external conditions 
over time 
 Only three climates 
tested 
 Approximations 
and assumptions 
made about the tent 
material and usage 
 Airflow is 
simplified 
CFD 
Modelling 
 To predict the 
response of the human 
body to a range of 
local environmental 
conditions (airspeed, 
temperature), 
representative of real 
case studies 
 Detailed data about 
airflow, air 
temperature and 
radiant temperature in 
a real case study 
 Only two climates 
tested 
 Approximations 
and assumptions 
made about the tent 
material 
 Steady state 
simulations can 
miss important 
events 
 
The improvements made to the SERT were for use in hot or cold climates. While 
they could have been made for the tent in another climate such as temperate, 
improving the worst possible conditions was prioritised. This research did not cover 
all possible improvements that could be made to the SERT, but rather a few 
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techniques which were inspired by the literature review and by quantifying the 
thermal performance of the SERT in Chapters 4-6. Improvements may not be 
practical for implementation immediately as new materials may have to be developed 
for them to be used. 
Overall, the research went well and all of the objectives were answered. Something 
which could have been done differently would have been finding a safe environment 
for testing the SERT with a heating or cooking stove inside it. This could have been 
added to the validated thermal and CFD models, for use in cold climate thermal 
comfort predictions. A stove could be added in future research, building on the work 
done here. 
8.4 Suggestions	for	future	research	
The highest impact future research would likely involve physically implementing the 
shading and insulation design changes, made in the dynamic thermal model, and 
running physical tests in different hot and cold climates, relevant to where SERTs are 
used. This combined with interviewing real humanitarian tent occupants regarding 
these improvements, would add an additional layer to the research that was not 
within the scope of this thesis. 
In the absence of real test subjects, adding a thermal manikin inside the SERT and/or 
a tent featuring the proposed SERT design improvements, would give a more 
accurate picture of the thermal comfort a real SERT user would experience in one of 
these tents. 
The CFD model could be further developed by adding heat sources such as people or 
a cooking stove, and running simulations in more climates, to find out more about 
the effect of local environmental conditions on the thermal comfort a SERT user 
would experience. 
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Appendix	A		
Table	of	physical	test	times	and	
dates	
Start Date End date Start 
time 
End 
time 
Position of 
trolley 
Test Description
24/02/2014 24/02/2014 11:00 14:00 Back Unventilated 
24/02/2014 24/02/2014 15:05 18:04 Back Unventilated 
25/02/2014 25/02/2014 10:45 13:30 Centre Unventilated 
28/02/2014 28/02/2014 11:35 15:00 Centre Unventilated 
28/02/2014 04/03/2014 16:00 11:00 Centre Unventilated 
14/03/2014 21/03/2014 16:00 11:00 Front Unventilated 
11/04/2014 11/04/2014 16:50 18:07 Centre Window-
ventilated 
15/04/2014 15/04/2014 15:02 16:43 Front Window-
ventilated 
15/04/2014 15/04/2014 16:46 18:29 Back Window-
ventilated 
17/04/2014 17/04/2014 11:53 13:28 Back Vent-ventilated 
17/04/2014 17/04/2014 13:31 15:08 Centre Vent-ventilated 
17/04/2014 17/04/2014 15:11 16:51 Front Vent-ventilated 
11/06/2014 11/06/2014 10:50 12:20 Front Vent-ventilated 
11/06/2014 11/06/2014 12:35 14:05 Centre Vent-ventilated 
11/06/2014 11/06/2014 14:26 15:56 Back Vent-ventilated 
12/06/2014 12/06/2014 11:15 12:45 Centre Window-
ventilated 
12/06/2014 12/06/2014 13:00 14:35 Back Window-
ventilated 
12/06/2014 12/06/2014 15:02 16:32 Front Window-
ventilated 
19/06/2014 20/06/2014 12:30 09:40 Back Unventilated 
20/06/2014 20/06/2014 11:00 14:40 Back Window-
ventilated 
20/06/2014 24/06/2014 14:50 14:00 Back Unventilated 
24/06/2014 25/06/2014 15:00 10:45 Back Unventilated 
25/06/2014 25/06/2014 11:15 12:45 Back Window-
ventilated 
25/06/2014 25/06/2014 13:00 14:30 Front Window-
ventilated 
25/06/2014 25/06/2014 14:50 16:20 Centre Window-
ventilated 
26/06/2014 26/06/2014 11:30 13:00 Centre Vent-ventilated 
26/06/2014 26/06/2014 13:40 15:10 Back Vent-ventilated 
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Start Date End date Start 
time 
End 
time 
Position of 
trolley 
Test Description 
26/06/2014 26/06/2014 15:20 16:50 Front Vent-ventilated 
02/07/2014 02/07/2014 11:30 13:00 Front Door-ventilated 
02/07/2014 02/07/2014 13:10 14:40 Front Door-ventilated 
02/07/2014 02/07/2014 15:10 16:40 Back Door-ventilated 
03/07/2014 03/07/2014 10:50 12:20 Front Window-
ventilated 
03/07/2014 03/07/2014 12:30 14:00 Centre Window-
ventilated 
03/07/2014 03/07/2014 14:25 15:55 Back Window-
ventilated 
07/07/2014 07/07/2014 11:10 12:40 Back Door-ventilated 
07/07/2014 07/07/2014 13:10 14:40 Centre Door-ventilated 
07/07/2014 07/07/2014 14:45 16:15 Centre Door-ventilated 
09/07/2014 09/07/2014 10:55 12:25 Back Vent-ventilated 
09/07/2014 09/07/2014 13:00 14:30 Front Vent-ventilated 
09/07/2014 09/07/2014 14:40 16:10 Centre Vent-ventilated 
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Appendix	B	
Validation	of	the	dynamic	thermal	
model	in	known	temperate	
climatic	conditions	with	zero	
occupancy,	over	typical	weeks	in	a	
year	
B.1 Introduction	
The dynamic thermal models implemented and simulated in DesignBuilder were 
validated using data collected in a real SERT in Loughborough, UK. The indoor air 
temperature, mean radiant temperature, and relative humidity were recorded inside 
the tent during a six month period, with zero occupancy. Four distinct ventilation 
strategies were employed in the SERT (unventilated, vent-ventilation, window-
ventilation and door-ventilation), and for each of these strategies the SERT’s internal 
environment was monitored. For the unventilated SERT, the measured internal air 
temperature was compared with the internal air temperature predicted in the dynamic 
thermal model, for similar outdoor conditions in similar locations. In the same way, 
the effect of solar gain on the tent was compared using measured and simulated data, 
as well as the relative humidity. The differences between real and predicted values of 
each variable were assessed, and were found to be within ±3K. In this way, the 
properties of the material used to represent the tent fabric in the models, was 
validated. Following this, the measured internal air temperature was compared with 
the internal air temperature predicted in the dynamic thermal model for each of the 
vent-ventilated, window-ventilated and door-ventilated models. Since single days 
were monitored using the three ventilation strategies, portions of days from the 
simulation results were used to compare to the real data. The more similar the 
internal-external temperature difference for each set of data, the better. In this way, 
the method used to represent the tent openings in the models, was validated.  
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B.2 The	unventilated	SERT	model	
B.2.1 Temperature	
As shown in Figures B.1 and B.2, comparing the real data collected in the SERT 
between 28 February 2014 and 4 March 2014, with that simulated using the dynamic 
thermal model for data between 28 February 2003 and 13 March 2003, the model 
behaved in a similar way to the real tent. The outdoor temperature ranged between -
1°C and +11°C in the measured data and between -3°C and +13°C for the weather 
file data, as shown in Figure B.3. A longer time range of the weather file data was 
used for validating the model, as an exact replica of the outdoor conditions during the 
physical testing with the real SERT, was not available. The longer time reduces the 
likelihood of anomalous data being used for validation. Table B1 compares the data 
in real terms, indicating that the weather file data was within 3K of the measured 
data. Figure B.4 shows that the indoor air temperature was either 0.5K to 10K higher 
than the outdoor air temperature or 0.5K to 3K lower than the outdoor air 
temperature. Figure B.5 shows that the indoor air temperature was either between 
0.5K to 13.5K higher than the outdoor air temperature, or 1K to 6.5K lower than the 
outdoor air temperature, for a similar outdoor air temperature range as that used in 
the measured data. This shows that the indoor environment in the tent model 
responds to outdoor conditions in a similar way (within 3.5K), to the indoor 
environment in the real SERT. This response is a very important aspect of how the 
real tent behaves.  
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Figure  B.1: The indoor air temperature and radiant temperature measured between 28 February 2014 and 
4 March 2014 in the living space of the real SERT pitched in Loughborough, UK 
 
Figure  B.2: The indoor air temperature and radiant temperature predicted in the living space of the 
unventilated SERT with zero occupancy, using weather data for Nottingham, UK between 28 February 
2003 and 13 March 2003 
216 
 
 
Figure  B.3: Comparison between the outdoor air temperatures measured in Loughborough, UK and the 
weather file from Nottingham, UK used in the Deisgnbuilder simulation 
 
Figure  B.4: The difference between indoor and outdoor air temperature, measured between 28 February 
2014 and 4 March 2014 in the living space of the real SERT pitched in Loughborough, UK, for a range of 
outdoor air temperatures 
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Figure  B.5: The difference between indoor and outdoor air temperature, predicted in the living space of 
the unventilated SERT with zero occupancy, using weather data for Nottingham, UK between 28 February 
2003 and 13 March 2003 
  
218 
 
Table  B.1: Comparing the weather file data with the measured data for the unventilated SERT 
Measured 
Temperature 
°C Weather File 
Temperature 
°C Difference between measured 
and weather file temperature 
Maximum +19 Maximum +21 2K 
Minimum -2 Minimum -3 1K 
Variation 21 Variation 24 3K 
 
B.2.2 Effects	of	Solar	Gain	
The relationship between solar gain through the SERT fabric and the indoor air 
temperature in the SERT living space is evident when comparing the measured to the 
calculated data shown in Figures B.6 and B.7, respectively. This confirms the 
validity of the DesignBuilder model. 
 
Figure  B.6: The indoor air temperature with changing solar gain, measured between 28 February 2014 
and 4 March 2014 in the living space of the real SERT pitched in Loughborough, UK 
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Figure  B.7: The indoor air temperature with changing solar gain, predicted in the living space of the 
unventilated SERT with zero occupancy, using weather data for Nottingham, UK between 28 February 
2003 and 13 March 2003 
B.2.3 %RH	
As shown in Figures B.8 and B.9, comparing the real data collected in the SERT 
between 28 February 2014 and 4 March 2014, with that simulated using the dynamic 
thermal model for data between 28 February 2003 and 13 March 2003, the model 
behaved in a similar way to the real tent. The relative humidity ranged between 52% 
and 92% in the measured data and between 22% and 100% for the calculated data. 
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Figure  B.8: The % relative humidity measured between 28 February 2014 and 4 March 2014 in the living 
space of the real SERT pitched in Loughborough, UK 
 
Figure  B.9: The % relative humidity predicted in the living space of the unventilated SERT with zero 
occupancy, using weather data for Nottingham, UK between 28 February 2003 and 13 March 2003 
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B.3 The	vent	ventilated	SERT	model	
As shown in Figures B.10 and B.11, comparing the real data collected in the SERT 
on 17 April 2014 with that simulated using the dynamic thermal model for data 
between 1 and 4 April 2002, the model behaved in a similar way to the real tent. 
Table B.2 indicates that for identical measured and weather file outdoor air 
temperatures ranges, the calculated indoor air temperature data was within ±0.5K of 
the measured data. This is an acceptable difference because the measured data takes 
into account only a specific day, where the solar gain, wind speed and so on, would 
not have been identical to that in the real outdoor conditions. In Figure B.11, the 
significant effect of the solar gain on the internal-external temperature difference is 
evident as a range of indoor air temperatures were predicted for days with similar 
outdoor air temperatures to one another. This is evidenced here as these results are 
from the Spring-Summer months where solar gain is at its peak. However, the 
comparison with the measured data does indicate that the SERT model behaves 
appropriately considering the sun position and typical weather conditions of the time 
of year. The night-time indoor air temperature values can be compared with those 
measured in the unventilated SERT and are acceptable. 
Table  B.2: Comparing the calculated data with the measured data for the vent ventilated SERT 
 Difference 
between 
measured and 
calculated 
temperature 
Outdoor Indoor 
Measured 
Outdoor Air 
Temperature 
Maximum 
13°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
16.5°C Weather File 
Outdoor Air 
Temperature 
Maximum 
13°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
16°C 0K 0.5K 
Measured 
Outdoor Air 
Temperature 
Minimum 
11°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
13°C Weather File 
Outdoor Air 
Temperature 
Minimum 
11°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
13°C 0K 0K 
Variation 2K Variation 3.5K Variation 2K Variation 3K 0K 0.5K 
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Figure  B.10: The indoor air temperature and radiant temperature measured on 17 April 2014 between 
12pm and 5pm in the living space of the real SERT pitched in Loughborough, UK 
 
Figure  B.11: The indoor air temperature and radiant temperature predicted in the living space of the vent-
ventilated SERT with zero occupancy, using weather data for Nottingham, UK between 01 April 2002 and 
4 April 2002 
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B.4 The	window	ventilated	SERT	model	
As shown in Figures B.12 and B.13, comparing the real data collected in the SERT 
on 12 June 2014 with that simulated using the dynamic thermal model for data 
between 21 and 24 June 2002, the model behaved in a similar way to the real tent. 
Table B.3 indicates that for measured and weather file outdoor air temperatures 
ranges within 2K of each other, the calculated indoor air temperature data was within 
±2K of the measured data. This is an acceptable difference because the measured 
data takes into account only a specific day, where the solar gain, wind speed and so 
on, would not have been identical to that in the real outdoor conditions. The night-
time indoor air temperature values can be compared with those measured in the 
unventilated SERT and are acceptable.  
Table  B.3: Comparing the calculated data with the measured data for the window ventilated SERT 
 Difference 
between 
measured and 
calculated 
temperature 
Outdoor Indoor 
Measured 
Outdoor Air 
Temperature 
Maximum 
24°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
28°C Weather File 
Outdoor Air 
Temperature 
Maximum 
22°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
30°C 2K 2K 
Measured 
Outdoor Air 
Temperature 
Minimum 
21°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
23.5°C Weather File 
Outdoor Air 
Temperature 
Minimum 
19°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
24°C 2K 0.5K 
Variation 3K Variation 4.5K Variation 3K Variation 6K 0K 1.5K 
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Figure  B.12: The indoor air temperature and radiant temperature measured on 12 June 2014 between 
11am and 5pm in the living space of the real SERT pitched in Loughborough, UK 
 
Figure  B.13: The indoor air temperature and radiant temperature predicted in the living space of the 
window-ventilated SERT with zero occupancy, using weather data for Nottingham, UK between 21 June 
2002 and 24 June 2002 
 
   
225 
 
B.5 The	door	ventilated	SERT	model	
As shown in Figures B.14 and B.15, comparing the real data collected in the SERT 
on 7 July 2014 with that simulated using the dynamic thermal model for data 
between 9 and 15 July 2002, the model behaved in a similar way to the real tent. 
Table B.4 indicates that for identical measured and weather file outdoor air 
temperatures ranges, the calculated indoor air temperature data was within ±3K of 
the measured data. This is an acceptable difference because the measured data takes 
into account only a specific day, where the solar gain, wind speed and so on, would 
not have been identical to that in the real outdoor conditions. The comparison 
indicates that the SERT model behaves appropriately considering the sun position 
and typical weather conditions of the time of year. The night-time indoor air 
temperature values can be compared with those measured in the unventilated SERT 
and are acceptable.  
Table  B.4: Comparing the calculated data with the measured data for the door ventilated SERT 
 Difference 
between 
measured and 
calculated 
temperature 
Outdoor Indoor 
Measured 
Outdoor Air 
Temperature 
Maximum 
23°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
29°C Weather File 
Outdoor Air 
Temperature 
Maximum 
23°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
26°C 0K 3K 
Measured 
Outdoor Air 
Temperature 
Minimum 
15°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
17°C Weather File 
Outdoor Air 
Temperature 
Minimum 
15°C Indoor Air 
Temperature 
at Given 
Outdoor Air 
Temperature 
15°C 0K 2K 
Variation 8K Variation 12K Variation 8K Variation 11K 0K 1K 
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Figure  B.14: The indoor air temperature and radiant temperature measured on 7 July 2014 between 11am 
and 5pm in the living space of the real SERT pitched in Loughborough, UK 
 
Figure  B.15: The indoor air temperature and radiant temperature predicted in the living space of the 
door-ventilated SERT with zero occupancy, using weather data for Nottingham, UK between 9 July 2002 
and 15 July 2002 
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Appendix	C	
Validation	of	the	CFD	model	in	
known	temperate	climatic	
conditions	with	zero	occupancy	
C.1 Introduction	to	Appendix	C	
The procedures by which a CFD model can be verified and validated are helpfully 
detailed in Chen and Srebric’s paper (2002). The particularly relevant points will be 
summarised here in relation to the specific model developed, in an effort to explain 
the way in which this model was validated. The style in which the model validation 
itself is reported will take a form similar to that of (Hajdukiewicz, Geron et al. 2013), 
who developed a more detailed calibration methodology for CFD models. 
It is important for the CFD developer and user to have realistic expectations of the 
model’s performance, including an understanding of the likelihood of its accuracy, 
that there will be some margin of error, and that they will need to use sound 
judgement to decide if the simulation results are acceptable (Chen, Srebric 2002). 
Since there is no prescribed method of assessing the credibility of a CFD model 
(Chen, Srebric 2002, Hajdukiewicz, Geron et al. 2013), the following guidelines for 
verification and validation from the aforementioned papers present a useful way of 
doing so. 
C.2 Verification	
Verification concerns the physics relevant to the problem, that is, choosing models 
which sufficiently represent heat transfer and the airflows at play, as well as defining 
boundary conditions which will accurately represent the particular indoor 
environment e.g. that of the SERT (Chen, Srebric 2002). One must consider heat 
transfer, turbulence models and numerical methods. The purpose of verification is to 
determine that the model “accurately represents the developer’s conceptual 
description of the model and the solution on the model” (Chen, Srebric 2002), rather 
than to show that the simulation results represent reality.  
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The conceptual description of the SERT model is as follows: The CFD model 
represents a 4m*6.6m*2.2m double-skinned, naturally ventilated canvas tent. It has 
two equal sized rectangular mosquito-net covered openings (windows), one on either 
side, and a polyethylene groundsheet. The internal environment is solely affected by 
external environmental conditions; no internal heat sources are present. 
Section 3.5.3 in Chapter 3, the Research Methods chapter, details how the model has 
been developed and verified during the code development stage with reference to on 
site measurements, the available literature, expert opinion of the code developers, 
and practical experience of the materials and geometry of the tent. The way in which 
each aspect of the model accurately represents the above conceptual description was 
discussed in the below sections: 
 Flow and Heat Transfer – see Section 3.5.3 – Boundary Conditions, 
Mathematical Models, and Fluid and Material Properties. 
 Turbulence Models – see Section 3.5.3 – Mathematical Models. 
 Numerical Methods – see Section 3.5.3 – Mesh and Numerical Parameters. 
C.3 Validation	
C.3.1 Introduction	to	Validation	
Validating the model involves demonstrating that the user and CFD model can 
achieve simulation results for the indoor environment e.g. the SERT, which represent 
reality when compared with the experimental data (Chen, Srebric 2002). Validation 
concerns the system as a whole, with the simultaneous interactions of each its aspects 
(Chen, Srebric 2002). Simulation results for the whole system are impacted by its 
geometry, the computational domain, boundary conditions, mesh resolution, all 
mathematical models, fluid and material properties, numerical parameters, and the 
level of convergence (Hajdukiewicz, Geron et al. 2013).  
The model to be validated should be as close to reality as possible, including realistic 
heat transfer, flow characteristics and geometry (Chen, Srebric 2002). The SERT 
model for validation was the final iteration of a series of models which increased in 
complexity for the purpose of including realistic heat transfer, flow characteristics 
and geometry. The simulations were systematically compared to the experimental 
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data until the results reflected reality. The way in which the model was incrementally 
made more realistic from a simple model can be found in Table C.1. 
Table C.1: Qualitative description of incremental changes to the simple base SERT model 
Model Iteration Description of Change 
1 Thickened walls 
2 Checked airgap sizes, correct geometry 
3 Re-add windows #1 
4 Re-add windows #2 
5 Add more outside world 
6 Add end walls (inner) 
7 Estimate heat transfer coefficient for walls and roof 
8 Turn on IMMERSOL 
9 Model ground blockage 
10 Add WIND object 
11 Turn on buoyancy effect on turbulence 
12 Add porches 
13 Model permeability of tent walls and roof 
14 Add heat flux into floor 
15 Use SUN object 
16 Cooler sun 
18 Set *RAD sky and boundaries 
19 Amend HTCs/wall function 
20 Add even more outside world 
21 Change *RAD to refer to T3 
22 Correct emissivities of each layer 
23 Change *RAD to refer to T3 AND reduce relaxation to 0.1 for 
TEM1 and T3 
24 Use Relaxation of 0.2 
25 Use Relaxation of 0.15 
26 Use Relaxation of 0.24 
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The purpose of validation is not to prove that the model is a perfect representation of 
the real SERT, but rather to determine the degree to which the model accurately 
represents reality, as far as is appropriate for the model’s intended usage (Chen, 
Srebric 2002). As stated in the Research Objectives in Chapter 1, Section 1.4.2, the 
intended usage of the CFD model was to predict the response of a human body to 
local environmental conditions (airspeed and temperature), representative of real 
case studies. This was done through analysis of the vertical air temperature 
difference (stratification) and effects of airflow in the tent (draughts) in the CFD 
simulation results, neither of which can be determined to such an extent in dynamic 
thermal modelling (DTM) due to its assumption of well mixed air. Consequently, the 
air temperature and air velocity are the focus of the following convergence and mesh 
independence tests. 
C.3.2 Convergence	Tests	
The convergence tests confirm that the variables solved by the governing equations 
e.g. temperature and velocity, have converged, as well as checking that the boundary 
conditions have been set up correctly by checking the imbalances in the domain 
(Chen, Srebric 2002). 
The residual RMS error values for Tem1 (temperature) and T3 (radiant temperature) 
fell below 1x10-4 before the solution stopped. The spot values of velocity in x, y and 
z oscillated around zero, between ±0.04m/s, meaning the residual RMS error values 
in these equations can be considered negligible. The imbalances in the domain are 
less than 1% for the scalar variables (mass and energy), as shown in Table C.2. All of 
these results indicate convergence. 
Table C.2: Imbalances in the domain 
Imbalance Value 
R1 (Mass) Imbalance (%) 0.003493314 
Tem1 (Energy) Imbalance (%) 0.00402472 
T3 (Energy) Imbalance (%) 0.295813212 
Immersol Energy Balance (% of inflow) 0.003604325 
  	
231 
 
C.3.3 Mesh	Independence	Tests	
Following convergence tests, the mesh used to solve the equations across the solution 
domain was tested for mesh sensitivity, to ensure that the size of the mesh did not 
have an adverse effect on the quality of the simulation results. A mesh independent 
solution is one where increasing the number of mesh cells no longer leads to a 
significant change in the results (Hajdukiewicz, Geron et al. 2013). The level of 
mesh independence also must be balanced with computation time, in order for the 
model to be useful in practice with resources that a typical user may have available to 
them, for example, a standard laptop (Chen, Srebric 2002). 
Figure C.1 shows plots of indoor air temperature in the centre of the domain with 
increasing height, for four mesh densities. The required accuracy for thermal comfort 
related temperature measurements is ±0.5°C (British Standards Institute 2001); any 
error smaller than this is considered insignificant. The green shaded area in Figure 
C.1 highlights ±0.5°C from the 2,402,576 cell mesh plot. The results for the denser 
mesh of 3,237,084 cells are ±0.05°C different from the 2,402,576 cell mesh results, 
which is well within ±0.5°C, meaning that any change in simulation results due to a 
finer mesh would be insignificant. 
The user can also find confidence in the trend of the indoor air temperature increase 
with height which is the same for the chosen mesh of 2,402,576 cells, its coarser 
predecessor (1,822,400 cells) and the denser mesh of 3,237,084 cells. 
The required accuracy of air speed measurements to be used in thermal comfort 
calculations is ±(0.05+0.05va) m/s, where va is the air velocity measured (British 
Standards Institute 2001). Figure C.2 shows an insignificant change in air velocity of 
less than 0.04m/s in the centre of the domain, as the mesh density increases beyond 
2,402,576 cells. The results for the denser mesh of 3,237,084 cells are therefore 
within ±(0.05+0.05va) m/s of the 2,402,576 cell mesh results, and any change in 
simulation results due to a finer mesh would be insignificant. 
The user can also find confidence in the trend of the air velocity increase with height 
being the same for the chosen mesh of 2,402,576 cells, its coarser predecessor 
(1,822,400 cells) and the denser mesh of 3,237,084 cells, between 0.2m and 0.6m 
from the ground. Between 0.6m and 1.1m from the ground is where the SERT’s 
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window openings are positioned; naturally this will lead to slightly less stability in 
this area than between 0.2m and 0.6m from the ground. 
The above results show that the solution using a mesh size of 2,402,576 cells is mesh 
independent. This mesh density also had the right compromise between 
computational time and level of uncertainty. Therefore, this mesh was chosen. 
 
Figure C.1: The value of TEM1 (temperature) at the same point in the domain, with increasing mesh size, 
tested with data from 3 July 2014. The green shaded area shows ±0.5°C from the 2,402,576 cells line. 
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Figure C.2: The value of velocity at the same point in the domain, with increasing mesh size, tested with 
data from 3 July 2014. The green shaded area shows ±(0.05+0.05va) from the 2,402,576 cells line. 
C.3.4 Validation	against	Experimental	Data	
With a CFD model, one must decide on the most important factors to be modelled, as 
there will be some trade off of complexity versus time, as well as complexity versus 
ability to achieve convergence. For example, it may be more important to model the 
temperature more accurately than the indoor air speed for some types of modelling 
scenario. A reliable, simpler model is better than an unreliable complex one (Chen, 
Srebric 2002), and it takes skill and knowledge to discern which factors are most 
important to be modelled accurately. 
CFD models can be complicated by various factors including simultaneous heat 
flows (Chen, Srebric 2002); as such CFD model validation is not comparable to other 
forms of model validation and is not conducted in the same way. Generally speaking, 
very high accuracy is not essential, as most design changes will be incremental from 
a base line; the model need only predict consistent trends (Chen, Srebric 2002). The 
level of accuracy required for each aspect of the model is dependent on the 
application of the model; where thermal comfort is being monitored, factors 
pertaining to this should be validated (Hajdukiewicz, Geron et al. 2013). 
As previously discussed, the application of the SERT model is to predict the 
response of a human body to local environmental conditions, representative of real 
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case studies. This was done via assessing the effect of air temperature stratification, 
turbulence and indoor air speed on the vertical temperature difference and draught 
rating; those metrics of thermal comfort not as accurately predicted in DTM due to 
subtleties being missed by the ‘well mixed air’ assumption. As such, it is important 
in this model that the indoor air temperature and air speed are modelled accurately, to 
a degree which allows the accurate prediction of thermal comfort as far as such 
metrics as vertical air temperature difference and draught rating are concerned. In 
addition, the radiation model’s significant role was assessed by analysing the radiant 
temperature. 
Suitable experimental data must be used for validation, for example from onsite 
measurements in the real building (Chen, Srebric 2002, Hajdukiewicz, Geron et al. 
2013), and any errors in the data should be reported. To this end, the CFD model was 
validated using data collected in a real SERT in Loughborough, UK. The internal 
environment of the window-ventilated SERT was monitored during a six month 
period, with zero occupancy. The measured internal air temperature and indoor air 
speed were compared with the internal air temperature and indoor air speed predicted 
in the CFD model, for the same outdoor conditions in the same location, at specific 
instances in time.  This was done for high and low levels of solar gain, high and low 
external wind speed, and high and low ambient temperatures, relevant to the intended 
usage of the model to be validated. 
As per (Hajdukiewicz, Geron et al. 2013), calibrated sensors were arranged at 
relevant points of interest in the tent in order to measure the indoor temperature 
stratification and air speed, at locations where the air temperature and speed is 
reported to influence the comfort of an occupant – see Sections 3.3.2 to 3.3.4, 
Chapter 3, the Research Methods chapter. In Figures C.3 – C.6 the error bars are 
included in order to accurately report on error in the experimental data. 
Another fact to bear in mind is that generally, CFD simulation results and 
experimental data are most accurate for first order parameters such as air velocity 
and temperature. For second order parameters such as turbulence kinetic energy and 
heat fluxes there are usually more uncertainties and errors, so aiming for perfect 
agreement between experimental data and CFD simulations for these parameters is 
not required for validation (Chen, Srebric 2002). 
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ISO Standard 7730 suggests that a mean air velocity of 0.12m/s or less would cause 
no thermal discomfort in the conditions for which the SERT model was validated 
(British Standards Institute 2005). Similarly, any air velocity below 0.1m/s has no 
impact on one of the metrics used in this work, the PMV. Therefore it can be 
concluded that changes in air velocity of the order of 0.1-0.12m/s will not 
significantly affect occupant thermal comfort. By the same logic, a vertical air 
temperature difference of 2K or less will have no negative impact on occupant 
thermal comfort (British Standards Institute 2005). As per (Hajdukiewicz, Geron et 
al. 2013), these comfort guidelines were used to develop validation criteria for the 
SERT model, which are within a reasonable order of magnitude. The validation 
criteria chosen were absolute differences between measured and simulated air 
velocity and air temperature of 0.12m/s and 2K respectively. As the model was 
developed, if the model did not suitably represent the real environment, then the 
relevant input parameters were adjusted in order to increase the similarity between 
simulated and measured data.  
The final model’s simulated indoor air speeds and air temperatures were validated 
against the onsite measurements (Hajdukiewicz, Geron et al. 2013). This ensured that 
the most influential variables on the simulation results were suitably accurately 
represented by the model (Chen, Srebric 2002). 
The model predicted the indoor air temperature most effectively at lower indoor air 
temperatures; the average absolute difference between the simulation and 
experimental data where the air temperature is ≈14°C is 0.97K which meets the 
validation criteria, as shown in Table C.3. The model’s predictions are the most 
accurate between 0.2m and 0.6m from ground, which is where occupants will spend 
most time in the SERT due to its low roof height. It is not a shelter in which to spend 
significant time standing. 
The model slightly underestimated the indoor air temperature at both high and low 
ambient temperatures, as shown in Table C.3, which should be taken into account 
when assessing simulation results in a real case study. This was particularly evident 
for the upper portion of the SERT at 1.1m from ground. At 0.6m and 1.1m the 
absolute difference in indoor air temperature between simulation results and 
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experimental data exceeded 2K, at an ambient temperature of 23.21°C, as shown in 
Table C.3.  
Though not as pronounced as in the experimental data, the trends indicate that the 
effect of air stratification is successfully predicted by the model, which can be 
observed in Figure C.3. The model predicts that the air is slightly more well-mixed 
than happens in reality in some cases. More air stratification may occur when the air 
stagnates and hot air rises to the top, which would be further illustrated in a transient 
simulation.   
One needs to consider the impact of inaccuracies on the predicted vertical air 
temperature difference and draught rating. The effect on the metrics is minimal 
which can be seen in Tables C.4 and C.5. First of all, Table C.4 shows the effect of 
inaccuracies on the draught rating for a sample indoor air temperature range between 
18 and 24°C, for which the CFD model would typically be used (ta,l = local air 
temperature; Tu = local turbulence intensity; va,l = local mean air velocity). The 
turbulence intensity values and air velocity values are typical in the SERT. Whether 
the environment is deemed acceptable is not affected by inaccuracies in the air 
temperature prediction at all. 
The air stratification could be measured by this model to within an average of 1.66K 
which would tell the user whether the temperature difference was acceptable or not – 
making the model accurate to within 1.66K for its intended usage. Table C.5 shows 
the worst case scenario of how the vertical air temperature prediction could be 
affected by inaccuracies in the prediction of indoor air temperature of 3.64°C. In this 
example, the higher vertical temperature has been underestimated by 3.64°C and the 
lower vertical air temperature has not been underestimated at all. In this scenario, the 
maximum error in the temperature difference would be an underestimation of 3.64°C, 
meaning that the indoor environment may be predicted to be more comfortable than 
it actually is when the actual indoor air temperature difference is between 5 and 7K. 
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Figure C.3: Measured and simulated indoor air temperature versus height, for two ambient temperatures 
Table C.3: Absolute differences between measured and simulated indoor air temperature at three heights, 
for two ambient temperatures. 
Distance 
from 
Ground, m 
Measured 
Temp, °C 
Simulated 
Temp, °C 
Absolute 
Difference, 
K 
Average Absolute 
Differences, K 
0.2 14.02 12.97 1.05 For Tambient 
= 12.84°C:  
0.97 
Overall 
Average 
Absolute 
Difference: 
1.66 
0.6 14.13 12.98 1.15 
1.1 13.70 13.00 0.70 
0.2 26.62 25.73 0.89 For Tambient 
= 23.21°C:  
2.35 
0.6 28.27 25.75 2.52 
1.1 29.49 25.85 3.64 
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Table C.4: The effect of inaccuracies in air temperature prediction on the predicted draught rating at 
indoor air temperatures between 18 and 24°C. Acceptable draught rating is 15% or less – fields marked in 
green are rated comfortable, those in orange would be rated uncomfortable. 
Criteria Actual Draught 
Rating (DR), % 
Predicted 
DR 
Min, % 
Predicted 
DR 
Max, % 
ta,l = 18°C, Tu = 40%, va,l = 0.01 0.00 0.00 0.00 
ta,l = 24°C, Tu = 40%, va,l = 0.01 0.00 0.00 0.00 
ta,l = 18°C, Tu = 40%, va,l = 0.3 51.35 56.67 46.02 
ta,l = 24°C, Tu = 40%, va,l = 0.3 32.09 37.42 26.76 
ta,l = 18°C, Tu = 60%, va,l = 0.01 0.00 0.00 0.00 
ta,l = 24°C, Tu = 60%, va,l = 0.01 0.00 0.00 0.00 
ta,l = 18°C, Tu = 60%, va,l = 0.3 66.38 73.27 59.50 
ta,l = 24°C, Tu = 60%, va,l = 0.3 41.49 48.38 34.60 
 
Table C.5: The effect of inaccuracies in air temperature prediction on the predicted temperature 
difference at an indoor air temperature of 18°C. Vertical air temperature difference needs to be between 0 
and 4K to be deemed acceptable (British Standards Institute 2005) – fields marked in green are rated 
comfortable, those in orange would be rated uncomfortable. 
Air Temp 
at 0.2m, °C 
Air Temp 
at 1.1m, °C 
Underestimated 
Air Temp at 
1.1m, °C 
Actual Temp 
Difference, K 
Predicted 
Temp 
Difference, K 
18.00 18.00 14.36 0.00 3.64 
18.00 19.00 15.36 1.00 2.64 
18.00 20.00 16.36 2.00 1.64 
18.00 21.00 17.36 3.00 0.64 
18.00 22.00 18.36 4.00 0.36 
18.00 23.00 19.36 5.00 1.36 
18.00 24.00 20.36 6.00 2.36 
18.00 25.00 21.36 7.00 3.36 
18.00 26.00 22.36 8.00 4.36 
 
The model predicted the indoor air speed most effectively at lower outdoor wind 
speeds, as shown in Figure C.4. When the outdoor wind speed was 0.86m/s, the 
average absolute difference between the simulated and experimental data was 
0.05m/s which meets the validation criteria, as shown in Table C.6. The model’s 
predictions are the most accurate between 0.2m and 0.6m from ground, which is 
where occupants will spend most time in the SERT, as previously mentioned. 
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The model slightly overestimated the indoor air speed, as shown in Table C.6, which 
should be taken into account when assessing simulation results in a real case study. 
This was particularly evident for the upper portion of the SERT at 1.1m from ground. 
At 0.6m and 1.1m the absolute differences in indoor air speed between simulation 
results and experimental data were 0.13m/s and 0.18m/s respectively, which slightly 
exceed 0.12m/s, at an outdoor wind speed of 1.59m/s, as shown in Figure C.5 and 
Table C.6. 
In the same way as for the indoor air temperature, one needs to consider the impact 
of inaccuracies on the predicted draught rating. The effect on this metric is minimal 
which can be seen in Table C.7. For a sample indoor air temperature range between 
18 and 24°C, for which the CFD model would typically be used, whether the 
environment is deemed acceptable is unaffected by inaccuracies in the indoor air 
speed prediction. 
Overall the CFD model predicts the air temperature inside the SERT within between 
0.7°C and 3.64°C of the measured temperatures, at high and low ambient 
temperatures, as shown in Figure C.3. The air speed was predicted within between 
0.01m/s and 0.18m/s of the measured indoor air speeds, at high and low outdoor 
wind speeds, as shown in Figures C.4 and C.5. Since CFD simulations are sensitive 
to an array of computational parameters, any one of these influences could have 
caused the discrepancy in the model’s predictions versus the experimental data.  
The geometry and locations of the cracks which represented the porosity of the 
SERT fabric were estimated, which could alter the flow when compared with the real 
experimental conditions. The influence of the airflow at the window openings could 
have affected the internal conditions in such a way that could not have been 
predicted when collecting the experimental data. As with any model, slightly 
incorrect assumptions may have been made in the model, or input parameters may 
have been underestimated or over-simplified. To determine the reasons for the 
discrepancies between the model predictions and experimental data recorded at 1.1m, 
significant additional analysis of any model input parameters not taken into account, 
would be required. This can be considered future work resulting from the thesis. 
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Figure C.4: Measured and simulated indoor air speed versus height, for outdoor wind speed 0.86m/s 
 
Figure C.5: Measured and simulated indoor air speed versus height, for outdoor wind speed 1.59m/s 
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Table C.6: Absolute differences between measured and simulated indoor air speeds at three heights, for 
two outdoor wind speeds. 
Distance 
from 
Ground, m 
Measured 
air speed, 
m/s 
Simulated 
air speed, 
m/s 
Absolute 
difference
, m/s 
Average Absolute 
Differences, m/s 
0.2 0.00 0.05 0.05 For outdoor 
wind speed = 
0.86m/s: 0.05 
Overall 
Average 
Absolute 
Difference: 
0.09 
0.6 0.08 0.09 0.01 
1.1 0.00 0.08 0.08 
0.2 0.00 0.12 0.12 For outdoor 
wind speed = 
1.59m/s: 0.14 
0.6 0.00 0.13 0.13 
1.1 0.00 0.18 0.18 
 
Table C.7: The effect of inaccuracies in air velocity prediction on the predicted draught rating at indoor 
air temperatures between 18 and 24°C. Acceptable draught rating is 15% or less – fields marked in green 
are rated comfortable, those in orange would be rated uncomfortable. 
Criteria Actual Draught 
Rating (DR), % 
Predicted 
DR Min, % 
Predicted 
DR 
Max, % 
ta,l = 18°C, Tu = 40%, va,l = 0.01 0.00 0.00 11.54 
ta,l = 24°C, Tu = 40%, va,l = 0.01 0.00 0.00 7.21 
ta,l = 18°C, Tu = 40%, va,l = 0.3 51.35 32.09 73.05 
ta,l = 24°C, Tu = 40%, va,l = 0.3 32.09 20.06 45.66 
ta,l = 18°C, Tu = 60%, va,l = 0.01 0.00 0.00 13.39 
ta,l = 24°C, Tu = 60%, va,l = 0.01 0.00 0.00 8.37 
ta,l = 18°C, Tu = 60%, va,l = 0.3 66.38 40.08 96.70 
ta,l = 24°C, Tu = 60%, va,l = 0.3 41.49 25.05 60.44 
 
The model predicts the values of radiant temperature in the SERT most successfully, 
with simulated values within 2K of measured values, for high and low solar gain on 
the SERT. Some of the simulated values fell within the instrument errors of ±0.15K1, 
as shown in Figure C.6. 
                                                            
1 The error bars showing instrument error are too small to be seen on the graph in Figure C.6. 
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Figure C.6: Measured and simulated radiant temperature versus height, for two levels of solar gain on the 
SERT 
Table C.8: Absolute differences between measured and simulated indoor radiant temperatures at three 
heights, for two levels of solar gain. 
Distance from 
Ground, m 
Measured 
Radiant 
Temp, °C 
Simulated 
Radiant 
Temp, °C 
Absolute 
Difference, K 
Average 
Absolute 
Difference, K 
0.2 13.81 13.26 0.55 0.67 
0.6 13.91 13.34 0.56 
1.1 13.98 13.56 0.42 
0.2 27.46 29.21 1.76 
0.6 28.97 29.65 0.68 
1.1 30.75 30.77 0.02 
 
C.4 Conclusions	
Validation should confirm the ability of the model to predict the important physical 
phenomena at work in the real indoor environment being modelled, as well as the 
correctness of the numerical methods, mesh resolution and discretization method 
used in simulating the flow (Chen, Srebric 2002). To confirm this, the relevant 
variables solved by the governing equations (temperature and velocity) and the mass 
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inflow and outflow rates at boundaries should be examined (Chen, Srebric 2002). 
The result of validation against experimental data should be that the error and 
uncertainty of the CFD is quantified (Chen, Srebric 2002).  
This chapter has covered the convergence of the solution and the suitability of the 
mesh resolution, followed by a demonstration of the airspeed and basic physics such 
as heat transfer being represented accurately at low and high values of outdoor wind 
speed, solar gain and ambient temperature, appropriate to the intended usage of the 
model. Like Hajdukiewicz et al. (2013), the model in this research was assessed 
against criteria suitable to the nature of the indoor environment and the complexity of 
the flow. In this way, the geometry, boundary conditions, mathematical models, and 
material properties used to represent the SERT and its environment, were validated. 
Table C.9 summarises key features of the validation process and how they were 
demonstrated in this thesis. 
The differences between real and predicted values of each variable were assessed. 
The average simulated temperatures were found to be within ±1.66K of the measured 
temperatures, and the average simulated air speeds were found to be within ±0.09m/s 
of the measured indoor air speeds. This is the degree to which the model accurately 
represents reality, for its stated usage. In other words, this is the level of confidence 
with which the CFD model can be applied as a design tool. The model met the 
validation criteria, to a significant degree, and therefore was able to provide a good 
prediction of the air temperature stratification and indoor airflow inside the SERT. 
Based on these results, the SERT CFD model can be considered a reliable 
representation of the real SERT environment. This is considered particularly good 
because this model represents a complex flow problem (Chen, Srebric 2002), and can 
successfully inform the user about how the air flow and air temperature change 
throughout the internal space. 
Future users of the model developed need to maintain a realistic attitude towards the 
model’s performance as outlined in this chapter. As previously mentioned, 
predictions at ‘standing height’, 1.1m, are less accurate than those between lying 
down and sitting height; however, sitting and lying down are the positions arguably 
most commonly adopted in normal tent life due to the nature of the shelter’s 
dimensions. The model may be improved for higher wind speeds and higher ambient 
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temperatures by analysing and model input parameters not taken into account, as 
mentioned earlier. 
Table C.9: How validation criteria were met in the validation process used for the SERT CFD model 
Validation Requirement How the Requirement was Met 
Initial verification of model physics Model verification using expert advice, 
literature, on site measurements, and 
experience of the SERT’s construction 
Using a model as close to reality as 
possible 
Using the final iteration of the model 
which had its complexity increased 
incrementally until it was as realistic as 
possible 
Ensuring the solution for the whole 
system is solved correctly by the 
software 
Mesh independence tests and 
convergence tests were performed 
Error in the experimental data 
quantified and recorded 
Error bars were included on measured 
data points 
Appropriate experimental data used to 
validate 
Data collected in the exact SERT and 
real external environmental conditions 
mimicked in the model setup 
Important 1st order parameters 
validated against experimental data 
Air speed and temperature were 
validated for a range of outdoor 
environmental conditions 
Error of the model quantified and 
recorded 
Error recorded as ±1.66K (temperature) 
and ±0.09m/s (air speed) 
 
  
